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ABSTRACT 
 Multiple NSF (National Science Foundation)-funded MARGINS Source-to-Sink 
cruises were conducted in the Gulf of Papua (GoP), Papua New Guinea (PNG), from 
2003 through 2005 to better understand how sediment is created, transported, and 
deposited. Although much work has been done on the data collected during these cruises, 
palynological analysis has never been conducted on the hundreds of available cores. The 
first phase of this project (Chapters 2 and 3) examines the connection between modern 
depositional regimes in the GoP and species assemblages recovered. Statistical analysis 
of palynomaceral assemblages (Chapter 2) indicates a correlation between their 
distribution and bathymetry, sedimentation rate, and distance from shore. In particular, 
wood and cuticular material is found closer to shore and in areas with higher 
sedimentation rates, while SOM increases in abundance with increasing distance from 
shore and lower sedimentation rates. Characteristic palynomaceral assemblages appear in 
certain major depositional environments. Palynomorph assemblages (Chapter 3) also 
indicate a clear correlation with bathymetry, sedimentation rate, and distance from shore. 
Major groups found in palynological slides reflect the composition of vegetation on 
mainland PNG. Reworked palynomorphs also provide an indication of sediment source 
(e.g., from the Ok Tedi mine on the mainland), but this is complicated, because many 
ages of reworking (e.g., a mix of Cretaceous, Paleogene, Neogene, and Recent 
palynomorphs) are found in samples. The second phase of this project (Chapter 4) 
includes a paleoenvironmental reconstruction of the last ~14.5 kyr in the GoP. Three long 
cores (MD-50, MV-41, MV-46) were selected for this analysis. Changes in palynomorph 
assemblages allow delineation of four major climate intervals from 14.5 kyr to present, 
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including the Bølling-Allerød Interstadial (14.5 to 12.5 kyr BP), the Younger Dryas (12.5 
to 11.5 kyr BP), Meltwater Pulse-1B (11.5 to 10.5 kyr BP), and the Holocene (10.5 kyr 
BP to present). Results indicate that mangrove pollen and marine indicators clearly 
delineate the end of the transgression between 5 to 6 kyr BP Palynomorph data and 
oxygen-18 isotopes from MD-50 also indicate an increase in El Niño Southern 
Oscillation (ENSO) activity at approximately 5 kyr BP. 
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CHAPTER 1. INTRODUCTION 
 Most of the world’s population lives in coastal areas on continental margins, 
where the dynamics of sedimentary processes, including erosion, transportation, and 
deposition, are extremely complex. Understanding these processes is crucial to society, 
because the movement of sediment is an important part of the global carbon cycle, plays 
a role in effective resource management, and is key to deciphering changes in climate and 
sea level. The National Science Foundation (NSF)-funded MARGINS Source-to-Sink 
Initiative (S2S) examines the erosion, transport, and deposition of sediments from their 
source where they are created to their sink where they are deposited. The goals of this 
initiative include better understanding how tectonics, climate change, sea level change, 
and other forcing mechanisms, like solar insolation, impact sediment production, erosion, 
transportation, deposition, and how the stratigraphic record is built (NSF MARGINS 
Program Science Plans, 2004). As part of the S2S program, hundreds of cores were 
collected in the Gulf of Papua (GoP), Papua New Guinea (PNG), from 2003 through 
2005. Numerous studies have already been published on the data obtained during this 
initiative (Dickens et al., 2006; Keen et al., 2006; Aalto et al., 2008; Alin et al., 2008; 
Aller et al., 2008a; 2008b; Carson et al., 2008; Crockett et al., 2008; Daniell, 2008; Day 
et al., 2008; Febo et al., 2008; Francis et al., 2008; Goni et al., 2008; Jorry et al., 2008; 
Lauer et al., 2008; Muhammad et al., 2008; Ogston et al., 2008; Slingerland et al., 2008a; 
2008b; Swanson et al., 2008; Tcherepanov et al., 2008a; 2008b; 2010; Howell et al., 
2014). Palynological analysis has never been performed on the sediment cores, and no 
work on palynology in the gulf, except along mangrove-dominated shorelines, has been 
published (Rowe et al., 2013). This study documents the modern distribution of 
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palynomorphs in the GoP using samples from the top four centimeters of sedimentary 
cover, as well as the distribution of palynomorphs in three long cores covering 
approximately the last 14.5 kyr BP (Figure 1.1).  
 
 
Figure 1.1. Sampling locations for all projects in the Gulf of Papua, Papua New Guinea. 
Circles are modern sampling locations. Squares are long core locations for 
paleoenvironmental analysis. Bathymetry and topography are from Daniell (2008). 
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Palynology, which is the study of organic microfossils (Jansonius and McGregor, 
1996), has been shown by many authors to aid understanding of sedimentation dynamics 
and depostional settings, as well as climate and sea level changes (e.g., Batten, 1983; 
Gregory and Hart, 1990; Pocknall and Beggs, 1990; Batten, 1996; Oboh-Ikuenobe et al., 
1997; Oboh-Ikuenobe et al., 1998; Jaramillo and Oboh-Ikuenobe, 1999; Courtinat et al., 
2002; Ibrahim, 2002; Schiøler et al., 2002; Roncaglia, 2004; Roncaglia and Kuijpers, 
2004; Carvalho et al., 2006; Pross et al., 2006; Skupien and Mohamed, 2008; Zobaa et al., 
2008; Warny et al., 2009; Schiøler et al., 2010; Feakins et al., 2012). Vegetation is a very 
most sensitive indicator of climate, because it responds directly to changes in solar 
insolation, temperature, and rainfall. Quantifying changes in the distribution of plants is 
difficult over geologic timescales, so we must rely on pollen and spores produced from 
vegetation that are well-preserved in the geologic record (Traverse, 2007). Palynomorphs 
are transported and deposited as part of the sediment, so we can also use their distribution 
to help us understand shifts in sediment source, transport, and depositional processes 
(Stanley, 1966; Heusser, 1978; Kershaw, 1994; van der Kaars, 2001; Moss et al, 2005).  
Physical Geography and Setting  
The GoP occupies an area of 1.5 x 10
11
 m
2
 to the southeast of PNG between 7.5°S 
to 11°S latitude and 142°E to 146°E longitude (Figure 1.1). Mainland PNG lies to the 
north of the GoP between 2°S to 10°S latitude and 140°E to 154°E longitude. The 
mainland and surrounding islands have a total area of 462,840 km
2
 with a combined 
coastline of 5,152 km (CIA The World Factbook, 2014). The tropical climate results in 
temperatures that are warm year-round, and large amounts of precipitation that are 
ultimately delivered to the gulf (Wolanski et al., 1995). There are large topographic 
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variations across the mainland from sea level (0 meters) to the top of Mt. Wilhelm (4509 
meters) (CIA The World Factbook, 2014). Multiple rivers (including the Fly, Bamu, 
Kikori, and Purari, as well as numerous smaller distributaries) bring large amounts of 
sediment to the gulf (3.84 x 10
8
 tons per year (Milliman, 1995; Wolanski et al., 1995)), 
forming a predominantly clastic shelf. The shelf has an area of approximately 40,000 km
2
 
(Francis et al., 2008). The width of the continental shelf varies greatly across the gulf, 
from greater than 100 km offshore from the Fly River delta to less than ten km in the 
northeast. 
Regional Geology 
The geologic history of PNG is extremely complex and dominated by the 
collision of stable Australian continental crust with multiple terranes, including several 
volcanic arcs, small continents, and oceanic plateaus, during the Cenozoic (Pigram and 
Davies, 1987; Pigram et al., 1989). The landmass consists of four major tectonic 
provinces: the Fly Platform, the Papuan Fold Belt, the New Guinea Highlands/Papuan 
Peninsula, and a series of volcanic arc terranes (Abbot, 1995) (Figure 1.2). Continental 
crust rifted from the Australian craton makes up the relatively stable Fly Platform. The 
Papuan Fold Belt is an active fold-and-thrust belt. Collision of several terranes during the 
Oligocene and Miocene formed the New Guinea Highlands and Papuan Peninsula. 
Multiple volcanic arcs have been sutured to the continent during collision in the Neogene 
(Pigram et al., 1989; Abbot, 1995).  
Understanding the geologic evolution of PNG and the GoP is important for 
understanding modern sedimentation dynamics. Beginning in the late Cretaceous to early 
Paleocene, Australia rifted from Antarctica and began its northward journey (Weissel and 
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Hayes, 1972; Cande and Mutter, 1982). At this point, large volumes of siliciclastic 
sediment accumulated on the northern shelf (Brown et al., 1980). The Australian craton 
was a passive continental margin until the Oligocene (Pigram et al., 1989). Middle 
Oligocene collision of the Australian craton with the Pacific plate led to the creation of 
the Papuan Mountains and the GoP foreland basin, a large epeiric sea connecting the 
Coral Sea and Indian Ocean. This basin began to accumulate widespread carbonate 
sediments as early as the latest Oligocene forming a carbonate platform. Through the 
Figure 1.2. Geologic map of Papua New Guinea (PNG) (Steinshouer et al., 1999). 
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Miocene, the GoP was starved of siliciclastic sedimentation, except for the narrow 
proximal foredeep in the northern part of the basin. As the basin accumulated more 
siliciclastic sediments through the Pliocene, the carbonate platform migrated south and 
was eventually buried by terrestrially derived material (Pigram et al., 1989). At present, 
carbonate sedimentation is restricted near the Great Barrier Reef and a series of isolated 
atolls (Boot Reef and Ashmore Fields Reef), and siliciclastic sediments sourced primarily 
from the major rivers and the Papuan Mountains dominate deposition in the gulf 
(Wolanski et al., 1995; Muhammad et al., 2008; Tcherepanov et al. 2008a). The GoP has 
numerous minibasins, including Ashmore, Pandora, and Moresby Troughs, formed 
during its evolution as a foreland basin, where these sediments ultimately accumulate 
(Figure 1.3) (Davies et al., 1989; Pigram et al., 1989; Symonds et al., 1991; Norvick et 
al., 2001; Howell et al., 2014). Petroleum exploration in the GoP and PNG has become 
increasingly economical in the past several years (Papua New Guinea Chamber of Mines 
and Petroleum, 2012), and studying modern depositional settings in the basin may 
increase our understanding of past depositional environments.  
Oceanography 
Many studies have examined the oceanography of the GoP (e.g., Thom and 
Wright, 1983; Wolanski et al., 1984; Brunskill et al., 1995; Wolanski and Alongi, 1995; 
Wolanski et al., 1995; Wolanski et al., 1999; Keen et al., 2006; Febo, 2007; Martin et al., 
2008) (Figure 1.3). The dominant forcing for sediment transport in the Gulf of Papua are 
tidal variations and seasonal wind changes. Depositional settings with tropical climates, 
low seasonal differences in river discharge, and little influence from cyclonic storms 
(McAlpine and Keig, 1983) such as the GoP are particularly susceptible to the influence 
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of tidal currents (Martin et al., 2008). GoP river deltas, of which the Fly River delta is the 
largest, are mesotidal in nature, and tidal variations produce interlaminated mud and sand 
deposits that vary on monthly (i.e., spring-neap) timescales (Martin et al., 2008). The Fly 
River delta is characterized by funnel-shaped geometry and has three major distributaries, 
the southernmost of which carries the majority of material (Dalrymple et al., 2003).  
 
 
Figure 1.3. Bathymetric map of the Gulf of Papua (GoP) and topographic map of 
Papua New Guinea (PNG) (Daniell, 2008).  
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Seasonal wind changes also play an important role in influencing sediment 
transport. Summer monsoons occur from December to March when the winds blow from 
the northwest, and winter trade winds occur from May to October when winds blow from 
the southeast. Transitional periods of lower wind velocities occur in intervening months 
(e.g., Thom and Wright, 1983; McAlpine and Keig, 1983; Walsh et al., 2004). Changing 
wind directions result in changes in the GoP wave climate. The monsoon season is 
dominated by calm conditions and wave heights around 0.3 m. In contrast, the tradewind 
season results in much higher average wave heights near 1.3 m and rougher seas (Thom 
and Wright, 1983).  
Transport of sediments and dissolved material on the shelf is mostly north-
eastward due to the Coral Sea Coastal Current (Wolanski and Eagle, 1991; Brunskill et 
al., 1995; Wolanski and Alongi, 1995; Wolanski et al., 1995; Walsh et al., 2004), but 
researchers have noted transport is more complex in the northern and eastern parts of the 
GoP, especially between the Purari River and Port Moresby. Current measurements in 
this area indicate sediments are transported southward off the shelf onto the continental 
slope (MacFarlane, 1980; Wolanski et al., 1988; Wolanski and Eagle, 1991; Brunskill et 
al., 1995; Walsh et al., 2004; Martin et al., 2008). These sediments are preserved in 
several troughs and canyons as turbidites (Figure 1.3) (Ewing et al., 1970; Gardner, 1970; 
Winterer, 1970; Brunskill et al., 1995).   
Due to large volumes of freshwater influx, there is strong salinity stratification in 
the GoP (Wolanski and Alongi, 1995; Ogston et al., 2008). During calm weather, the 
freshwater plume extends up to 70 km from shore, and the salinity maximum is at water 
depths of greater than 100 m. Under southeast trade wind conditions, winds transport 
 9 
brackish water farther, and the freshwater plume can extend at least 100 km across the 
GoP (Wolanski and Alongi, 1995).  
The El Niño Southern Oscillation (ENSO) also affects GoP oceanography by 
reducing precipitation and thus sedimentation during ENSO conditions (Rodbell et al., 
1999; Kawahata and Gupta, 2004; Ogston et al., 2008). This disturbance limits the 
amount of sediments that accumulate in clinoform deposits during ENSO years (Ogston 
et al., 2008). ENSO conditions increase salinity in the GoP, by limiting the influx of 
freshwater. During La Niña years, precipitation and sedimentation are higher than 
average (Howell et al., 2014).  
Modern Sedimentation Dynamics 
Sedimentation in the GoP, which is classified as a mixed siliciclastic-carbonate 
system, has been extensively studied (e.g., Harris et al., 1993; Harris, 1994; Milliman, 
1995; Wolanski and Alongi, 1995; Dalrymple et al., 2003; Walsh et al., 2004; Dickens et 
al., 2006; Keen et al., 2006; Francis et al., 2008; Martin et al., 2008; Muhammad et al., 
2008; Ogston et al., 2008; Slingerland et al., 2008a; 2008b). Dynamics of sedimentation 
are highly variable across the GoP (Muhammad et al., 2008), due to seasonal wind 
changes, tidal variations (Wolanski and Alongi, 1995; Ogston et al., 2008; Slingerland et 
al., 2008a), land sourcing the sediments, and large volumes of sediment discharge 
(Wolanski et al., 1995). The inner shelf in the western GoP is characterized by a large 
Holocene clinoform with sediments sourced from multiple rivers, particularly the Fly 
River (Harris et al., 1993; Walsh et al., 2004) (Figure 1.3). Between the Holocene 
clinoform and the shelf-slope break, few sediments accumulate on a marine transgressive 
surface formed during the latest sea level rise (Harris et al., 1996; Crockett et al., 2008; 
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Francis et al., 2008). In the northern part of the gulf, clinoform deposits reach the shelf 
(Wolanski and Alongi, 1995), and siliciclastic material is delivered to the slope (Brunskill 
et al., 1995; Walsh and Nittrouer, 2004; Muhammad et al., 2008). Offshore from the 
continental margin, sediments accumulate mainly as a hemipelagic rain of muds 
(Muhammad et al., 2008) or as submarine fans in several minibasins (Febo, 2007). 
Carbonate influx mixes with siliciclastic sedimentation in the southwestern gulf near the 
Great Barrier Reef (Francis et al., 2008; Tcherepanov et al., 2008b). Widespread 
carbonate sediments were deposited on the shelf during the Oligocene through early 
Pliocene (Pigram et al., 1989).  
Sedimentation on the continental shelf: GoP clinoform 
 Large volumes of siliciclastic sediment sourced primarily from the Fly, Kikori, 
and Purari Rivers, accumulate on the inner GoP shelf in clinoforms (Figure 1.3) 
(Wolanski and Alongi, 1995; Walsh et al., 2004). Clinoforms are often referred to as the 
“building blocks of continental margins” (e.g., Vail et al., 1977; Christie-Blick and 
Driscoll, 1995; Walsh et al., 2004). They are sigmoidal-shaped deposits built of primarily 
siliciclastic sediments sourced from river deltas. It is estimated that approximately 40% 
(0.85 x 10
8
 tons per annum) of the sediment load from the major PNG rivers (Kikori, Fly, 
and Purari) accumulate in the clinoform (Harris et al., 1993). Walsh et al. (2004) 
examined the mechanics of the GoP clinoform, which is broken into three main 
components: topset, foreset, and bottomset beds. Topset beds extend down to 
approximately 20 meters below sea level (mbsl), are characterized by interbedded sands 
and muds, and have average sediment accumulation rates (SAR) of 0.7 cm/yr. Foreset 
beds are between 20 to 60 mbsl and are characterized by muds with high SAR between 
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1.5 to 4.0 cm/yr. Bottomset beds are deeper than 60 mbsl, are characterized by mix of 
mud and carbonate sand, and have SAR of less 0.4 cm/yr (Wolanski and Alongi, 1995; 
Walsh et al., 2004; Slingerland et al., 2008a; 2008b). Seasonal wind changes likely affect 
sedimentation patterns, with higher deposition rates during calmer NW-monsoon 
conditions. Event beds, approximately 5-10 cm thick, caused by increased winds during 
the SE-tradewind season, are generally located on the clinoform foreset and occur nearly 
annually (Walsh et al., 2004). Clinoform sediments are sourced predominately from the 
Fly Platform, the Papuan Fold Belt, and reworked marine Neogene sediments. Few 
sediments derived from igneous or metamorphic rocks (sourced from the Papuan 
Highlands) are present (Davies, 2012).  
Sedimentation on the continental slope 
The ultimate storage sites on geological timescales for sediments in the GoP are a 
series of minibasins on the continental slope, including Ashmore, Pandora, Bligh, and 
Moresby Troughs (Febo, 2007) (Figure 1.3). When sea level is low, sediments are 
delivered directly to these basins forming submarine fans (Posamentier and Vail, 1988; 
Harris et al., 1996; Flood and Piper, 1997; Maslin and Mikkelsen, 1997; Febo, 2007; 
Carson et al., 2008; Crockett et al., 2008; Muhammad et al., 2008). Sedimentation rates 
are lower on the GoP slope at present (approximately 0.2 cm/yr), and little sediment 
accumulates in the troughs due to sea level highstand (Muhammad et al., 2008). There 
are three other regions on the slope in addition to the troughs; these are Bligh Canyon, 
Moresby Canyon, and the Eastern Plateau. The two canyons often act as conduits for 
large mass transport flows, and the Eastern Plateau is characterized by a mix of 
hemipelagic and pelagic sediments (Francis et al., 2008).  
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Each of the major troughs on the GoP continental slope is characterized by 
different sedimentation regimes (Figure 1.3). Ashmore Trough (<1000 m water depth) 
recieves mainly carbonate sediments sourced from the Great Barrier Reef to the west and 
Ashmore, Boot, and Portlock Reefs to the east (Carson et al., 2008; Francis et al., 2008). 
Bligh Trough is connected to Ashmore Trough on its southern end, and also receives 
mostly carbonate sediments. Pandora Trough (between 1700 and 2000 m water depth) 
recieves a mixture of carbonate sediments from the south and siliciclastic sediments that 
have been transported past the shelf (Brunskill et al., 1995; Patterson, 2006; Febo et al., 
2008; Francis et al., 2008; Jorry et al., 2008; Muhammad et al., 2008). Moresby Trough 
(approximately 3000 meters water depth) receives mainly siliciclastic sediments that are 
deposited as turbidites (Patterson, 2006; Francis et al., 2008). The siliciclastic sediments 
deposited in these troughs are predominantly sourced from the Papuan Highlands 
(Vailala and Lakekamu watersheds) and have much higher igneous and metamorphic 
components than shelf clinoform deposits (Davies, 2012).  
The Last 14.5 kyr of Climate and Sea Level Change in the GoP 
Multiple authors have focused their efforts on Quaternary sea level change in the 
GoP (e.g., Carson et al., 2008; Febo et al., 2008; Jorry et al., 2008; Tcherepanov et al., 
2008a; 2008b; 2010; Howell et al., 2014). Sea level and climate play an important role in 
governing the nature and preservation of sedimentary deposits along continental margins 
(e.g., Gibbs, 1981; Bouma, 1982; Droxler and Schlager, 1985; Glaser and Droxler, 1993; 
Schlager et al., 1994; Andresen et al., 2003; Mallarino et al., 2006; Jorry et al., 2008). 
The time interval evaluated in this study ranges from the beginning of the latest marine 
transgression (14,500 yr BP) to present. Figure 1.4 shows the time scale of the study  
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 Figure 1.4. Timescale of important events during the last 20,000 years created with TimeScale Creator (TSCreator, 2015, 
accessed from http://www.tscreator.org). Sea level curve from Miller et al. (2005), δ18O composite from Lisiecki and Raymo 
(2005), and Milankovitch cuves from Laskar et al. (2004). Climatic periods and events synthesized from Thom and Wright 
(1983), Hope et al. (1983), Denham et al. (2003) and Howell et al. (2014). 
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period with important events, including the Bølling-Allerød Interstadial (approximately 
14.5 to 12.5 kyr BP), the Younger Dryas (approximately 12.5 to 11.5 kyr BP), Meltwater 
Pulse-1B (approximately 11.5 to 10.5 kyr BP), and the Holocene (approximately 10.5 kyr 
to present BP). At the Last Glacial Maximum (LGM) between 23 to 19 kyr BP, sea levels 
were ~120m lower (Fairbanks, 1989; Yokoyama et al., 2000; Clark et al., 2004; Jorry et 
al., 2008), and the majority of the continental shelf was exposed. This resulted in large 
volumes of siliciclastic material delivered directly to the continental slope (Febo et al., 
2008). Meltwater Pulse-1A (MWP-1A) during the Bølling-Allerød Interstadial (RSL rise 
from -80 to -60 m, Jorry et al. (2008)) and MWP-1B (RSL rise from -60 to -40 m) caused 
by rapid warming and widespread ice melting at high latitudes resulted in transgressions 
on the GoP shelf and reductions in the volume of sediments delivered to the slope 
(Howell et al., 2014). The intervening Younger Dryas period (12.5-11.5 kyr BP) was 
characterized by cooler and drier conditions with little change in sea level and an increase 
in sediment delivery to the slope (Jorry et al., 2008). Temperatures increased and sea 
level continued to rise in the early Holocene until modern sea levels were reached by 6.5 
kyr BP (Lambeck and Chappell, 2001; Liu et al., 2004; Kubo and Syvitski, 2006; Howell 
et al., 2014). Modern sea levels have restricted sediment influx to the slope (Harris et al., 
1996), and Slingerland et al. (2008a) notes that the current GoP clinoform began 
aggrading as early as 9 kyr BP.  
Quaternary Vegetation History and Anthropogenic Influence 
Climate change results in rapid responses from vegetation, which is a very 
sensitive indicator of climatic conditions (Traverse, 2007). Many authors have examined 
the Quaternary vegetation record of Papua New Guinea and its surrounding islands using 
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a combination of botanical, palynological, archaeological, and phytolith analyses (Walker, 
1966; Flenley, 1969; Flenley, 1972; Hope and Peterson, 1975; Smith, 1975; Walker and 
Guppy, 1976; Flenley, 1979; Walker and Flenley, 1979; Powell, 1982; Hope, 1983; 
Flenley, 1984; Wilson, 1985; Flenley, 1988; Hope et al., 1988; Johns, 1989; Conn, 1995; 
Gosden, 1995; Haberle, 1995; Henty, 1995; Womersley, 1995; Haberle, 1996; Flenley, 
1997; Boyd et al., 1998; Flenley, 1998; Haberle, 1998; Haberle et al., 2001; Haberle and 
Ledru, 2001; McAlpine and Freyne, 2001; Denham et al., 2003; Haberle, 2003; Muke 
and Mandui, 2003; David et al., 2004; Jago and Boyd, 2005; Fairbairn et al., 2006; David 
et al., 2007; Haberle, 2007; Rowe, 2007a; 2007b, Denham and Mooney, 2008; Horrocks 
et al., 2008; Denham et al., 2009; Haberle et al., 2012; Torrence, 2012; Rowe et al., 2013). 
Several authors have also published on the palynology of pre-Quaternary strata in Papua 
New Guinea (Playford, 1982; Davey, 1987; Rigby, 1997; Rigby, 2001; Playford and 
Rigby, 2008).  
Paijmans (1975) provides a synthesis of modern vegetation distribution on PNG 
(Figure 1.5). The highly variable topography of PNG leads to strong altitudinal 
distribution of vegetation (Paijmans, 1975; Walker and Flenley, 1979) (Figure 1.6). The 
major vegetation types include: mangrove forest, lowland rainforest, swamp forest, lower 
montane forest, upper montane forest, and scrub/savanna/grassland (Paijmans, 1975). 
Mangrove forest occupies brackish water at base level and includes genera such as 
Rhizophora, Bruguiera, Avicennia, and Sonneratia. Paijmans (1975) splits lowland 
rainforest vegetation (between sea level and approximately 1400 m) into many categories, 
but for this study, it is sufficient to group them together as these categories often grade 
into each other depending on soil type and amount of available water. Important lowland  
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rainforest species include Pometia, Canarium, Anisoptera, Cryptocarya, Terminalia 
Ficus, Celtis, Bombax, and Intsia. Swamp vegetation occupies low to middle altitude, 
waterlogged areas and is characterized by Casuarina, Campnosperma, Terminalia, 
Syzygium, Nauclea, Melaleuca, Myristica, and a variety of palm species (Family 
Arecaceae). Lower montane forest (between approximately 1400 to 3400 m) includes 
Nothofagus, Lauraceae, Cunoniaceae, Elaeocarpaceae, Lithocarpus, Castanopsis, Ilex,  
Figure 1.5. Map of modern vegetation distribution on Papua New Guinea (modified 
from Paijmans, 1975). 
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Araucaria, Dacrycarpus, Podocarpus, Phyllocladus, Papuacedrus, Myrtaceae, 
Myrsinaceae, and Ericaceae. Upper montane forest (above 3400 m) includes many of the 
same genera and families as lower montane forest but is also intermixed with high 
Figure 1.6. General altitudinal distribution of vegetation on Papua New Guinea 
(modified from van Steenis, 1934-1936; Brass, 1941; 1964; Paijmans, 1975; Walker 
and Flenley, 1979). 
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latitude grassland vegetation, including Gramineae, Festuca, Danthonia, Deyeuxia, and 
Deschampsia klossii. Grassland vegetation on PNG is generally caused by anthropogenic 
influence and/or burning and exists at all latitudes. Lowland grass species include 
Themeda australis, Imperata cylindrica, Saccharum spontaneum, Ophiuros tongcalingii, 
Pseudoraphis spinescens, and sedges. Scrub and savanna vegetation exists in areas with 
low rainfall from low to high latitudes and includes genera such as Eucalyptus, 
Melaleuca, Coprosma, Pittosporum, Xanthomyrtus, Tristania, Acacia, Xanthostemon, 
Cyathea, Epacridaceae, and Ericaceae (Paijmans, 1975).  
Understanding the distribution of modern vegetation on PNG is important, 
because vegetation distribution and thus the pollen record changes in response to climate. 
Pollen records from the highlands of Papua New Guinea indicate that the Last Glacial 
Maximum (LGM) was at least 5°C cooler (and upwards of 10°C at some sites) and 
significantly drier (Hope and Peterson, 1975; Walker and Flenley, 1979; Haberle, 1998). 
Oxygen isotope records from corals living at or near sea level indicate a similar value of 
3-5°C temperature reduction during the LGM (Aharon and Chappell, 1986; Guilderson et 
al., 1994). This degree of cooling, even in lowland locations, has important consequences 
for vegetation biogeography. In cooler periods, such as the LGM, the lowland rainforest 
vegetation could only have lived approximately between 0 to 200 meters above sea level, 
with a concurrent expansion of lower and upper montane vegetation to lower altitudes 
(Flenley, 1972; Hope and Peterson, 1975; Walker and Flenley, 1979; Flenley, 1984; 
Flenley, 1997). Several authors have also noted increased abundances of grasslands and 
drought-tolerant species during cooler conditions (Flenley, 1984; Street-Perrott, 1994; 
Flenley, 1998).  
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Humans have occupied Papua New Guinea since at least 40 – 45 kyr BP (e.g., 
Machida et al., 1996; Torrence et al., 2004; Torrence, 2012), and a transition from 
hunter/gatherer to agricultural lifestyles occurred between approximately 7 to 9 kyr BP in 
PNG depending on the site (Robbins, 1963; Gillison, 1969; Powell et al., 1975; Flenley, 
1988; Haberle, 2003; Haberle et al., 2012). It is difficult to separate the influence of 
agriculture and climate change in the palynological record, because both have similar 
signatures. Agricultural activities denude the landscape, generally resulting in the 
replacement of tropical or montane forests with grasslands or agricultural species 
(Denham et al., 2003; Haberle, 2003; Denham and Haberle, 2008; Sniderman et al., 2009; 
Haberle et al., 2012). Most authors find a concomittant increase in charcoal fragments 
associated with burning and land clearance due to human occupation (e.g., Flenley, 1969; 
Flenley, 1988; Whitlock and Larsen, 2001; Haberle, 2003; Haberle et al., 2012). 
Increased recovery of grassland pollen and charcoal fragments is also indicative of cooler, 
drier climate. The presence of pollen from cultivars, such as corn, bananas, sweet potato, 
sugar cane, and taro, can provide additional evidence for human occupation (Walker and 
Flenley, 1979; Lentfer and Torrence, 2007; Lentfer et al., 2010). As the beginning of 
agricultural activities on Papua New Guinea is relatively well constrained (7 to 9 kyr BP) 
(Robbins, 1963; Gillison, 1969; Powell et al., 1975; Flenley, 1988; Haberle, 2003; 
Haberle et al., 2012), we have at least a baseline for separating human from climatic 
influence in this study.  
The Importance of Mangroves 
 Mangroves, and their associated pollen, are important indicators of sea level 
change because they occupy brackish water at base level. They are especially diverse in 
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Southeast Asia and Papua New Guinea (Ellison, 2008; Shearman, 2010; Rowe et al., 
2013), and palynologists often use mangrove pollen distribution and changes in 
abundance to delineate sea level changes (e.g., Caratini, 1992; Tissot and Marius, 1992; 
Morley et al., 2003; Morley et al., 2004; Scourse et al., 2005; Hoorn, 2006; Morley and 
Morley, 2011; Morley et al., 2011). When sea levels are low, mangroves are restricted 
distally, and any shed mangrove pollen is incorporated proximally into lowstand deposits. 
Cooler climates during lowstands may also reduce the abundance of mangroves (Caratini, 
1992). As sea level rises and the shoreline moves landward, mangroves expand across the 
continental shelf. Transgressions are generally recorded as an increase in mangrove 
pollen in the sedimentary record in both shelf and slope deposits. During sea level 
highstand when the shoreline is at its maximum landward extent, mangroves are 
restricted proximally, and most mangrove pollen is retained within the roots and 
sedimentary matrix of the mangrove forest. At highstands, little mangrove pollen escapes 
towards the shelf or basin (e.g., Tissot and Marius, 1992).  
 Several authors have examined the mangrove communities of Papua New Guinea, 
including Ellison (2005), Rowe (2006), Rowe (2007a), Ellison (2008), Shearman (2010), 
and Rowe et al. (2013). Mangrove communities are patterned based on features within 
river deltas, including point bars, levees, distributary channels, and floodplains, and 
certain species preferentially occupy specific areas depending on salinity and elevation 
(Figure 1.7). For example, Rhizophora spp./Bruguiera spp. generally live in outer-tidal 
areas subject to frequent inundation, while Avicennia spp. live in lower-inner tidal areas 
that are inundated less frequently (Rowe et al., 2013). Backmangrove species (Sonneratia 
spp.) and Nypa fruticans, a palm species, generally live further inland in less saline water 
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and higher elevations (Ellison, 2005). The dominant species listed here (Rhizophora spp. 
/Bruguiera spp., Avicennia spp, Sonneratia spp., and Nypa fruticans) are the major 
representatives of mangrove pollen found in the samples for this study, so we plan to use 
their distribution to help reconstruct sea level changes (Rowe et al., 2013).  
Objectives and Significance of Study 
Palynology can provide insight into climatic and oceanographic changes (as well 
as dating these changes), sedimentation and depositional environment, and vegetation 
biodiversity. This project aims to accomplish four important objectives: 1) define and 
date past climatic and oceanographic changes from 14,500 years BP to present; 2) 
improve understanding of sedimentation dynamics using palynology as a tool to assess 
depositional settings; 3) apply palynology to assess biodiversity and vegetation 
distribution at present and in the past; and 4) determine human impact on the dominant 
components of Papua New Guinea flora spatially and temporally. We believe palynology 
Figure 1.7. General patterning of mangrove communities (modified from Ellison, 2005; 
Rowe et al., 2013). 
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will provide a better understanding of climatology and oceanography over the time period 
studied, as well as improve our understanding of sedimentation and biodiversity.  
Objective 1: Define and date past climatic and oceanographic changes from the 
Bølling-Allerød Interstadial (14,500 yr BP) to present. 
Determining past variation in climate and defining what caused these changes can 
allow scientists to better predict future variations by providing climate modelers with key 
information regarding past conditions. Better predicting climatic changes is increasingly 
important in our modern world, especially in regions where most of the population lives 
in coastal regions, such as Papua New Guinea. Near-surface temperatures in Papua New 
Guinea have risen 0.50°C ± 0.15°C since the mid-1970s, while sea-surface-temperatures 
have risen approximately 0.6 to 1.0°C in the past 100 years (United Nations Development 
Programme, 2010). Rising temperatures ultimately mean higher sea levels, more variable 
weather conditions, and changes in precipitation patterns. Better documentation of 
climate changes over the last 14,500 years can allow the country of Papua New Guinea to 
further develop its strategy in the face of today’s rapidly warming climate. Previous 
researchers have utilized sedimentary cover obtained from the Gulf of Papua to document 
climatic changes and fluctuating sea levels. They have focused particularly on 
understanding changes in sedimentation dynamics due to fluctuating sea levels over the 
late Pleistocene and Holocene (Febo et al., 2008; Francis et al., 2008; Carson et al., 2008; 
Jorry et al., 2008; Jorry et al., 2010; Howell et al., 2014). Some attention has been paid to 
the biologically produced components of the sedimentary record. Carson et al. (2008) 
examined the response of benthic foraminifers to sea level change in Ashmore Trough, 
and Febo et al. (2008) determined the δ13C and C/N ratio for sediment samples from 
Pandora Trough to constrain whether the source of organic-carbon was derived from 
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marine organic matter, C3 plants, or C4 plants. However, the palynological record has 
not yet been studied. Performing palynology, including analysis of pollen and spores 
from the terrestrial realm and dinoflagellate cysts from the marine realm, on material 
obtained from cores covering the latest marine transgression and sea level highstand 
should allow us to better reconstruct climate and sea level changes for the last 14.5 kyr.  
Objective 2: Improve understanding of sedimentation dynamics using palynology 
as a tool to assess depositional environments. 
In addition to its widely accepted use in biostratigraphic zonation (Warny and 
Wrenn, 2002; Garzon et al., 2012) and understanding climatic changes (Warny et al., 
2009; Feakins et al., 2012), palynology and palynofacies analysis can also be utilized to 
better understand sedimentation dynamics and energy of the environment (Batten, 1983; 
Gregory and Hart, 1990; Pocknall and Beggs, 1990; Batten, 1996; Oboh-Ikuenobe et al., 
1997; Oboh-Ikuenobe et al., 1998; Jaramillo and Oboh-Ikuenobe, 1999; Courtinat et al., 
2002; Ibrahim, 2002; Schiøler et al., 2002; Roncaglia, 2004; Roncaglia and Kuijpers, 
2004; Carvalho et al., 2006; Pross et al., 2006; Zobaa et al., 2008; Skupien and Mohamed, 
2008; Schiøler et al., 2010). Studying modern palynomorphs in the Gulf of Papua could 
greatly improve understanding of the sedimentation regime, which could provide 
assistance in paleoenvironmental interpretation. Palynofacies analysis has been shown by 
multiple authors to assist in paleoenvironment interpretation and further understanding of 
sedimentation and energy of the environment (e.g., Lorente, 1990; van der Zwan, 1990; 
Batten, 1996; Jaramillo and Oboh-Ikuenobe, 1999; Ibrahim, 2002; Schiøler et al., 2002; 
Carvalho et al., 2006). Because the modern coring sites for this dissertation span from 
river mouth to continental shelf to the deep ocean basin, we believe they will effectively 
illustrate variations in common marine environments of deposition, including tidal deltas, 
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clinoforms (topset, foreset, and bottomset deposits), turbidites, and hemipelagic/pelagic 
ocean basin deposits.  
Objective 3: Apply palynology as a tool to assess biodiversity and vegetation 
distribution at present and in the past. 
Although it occupies less than 1% of the world’s landmass, Papua New Guinea is 
host to up to 7% of the world’s biodiversity. Over 6,700 endemic species reside on the 
island, but those are only the ones that have been identified. Countless more endemic 
species could call the island home, but the difficulty of obtaining access to the remote 
reaches of Papua New Guinea has limited researchers in finding them. Additionally, lack 
of qualified scientists has created problems in sorting and taxonomically cataloging 
organisms that have already been found (Kaluwin et al., 2000). Without knowing more 
about Papua New Guinea’s rich biodiversity, it is difficult to protect threatened and 
potentially threatened species. Palynology has been shown to be an effective tool in 
determining vegetation composition on Papua New Guinea, but this research thus far has 
only focused restricted regions of the island and is generally associated with 
archaeological sites (Flenley, 1979; Walker and Flenley, 1979; Hope et al., 1983; Flenley, 
1988; Hope et al., 1988; Flenley, 1998; Haberle et al., 2001; Haberle and Ledru, 2001; 
Denham et al., 2003; Hope et al., 2004; Jago and Boyd, 2005; Kershaw et al., 2007; 
Haberle, 2007; Hope, 2008; Hope, 2009). Although assaying vegetation composition 
using the marine samples from the Gulf of Papua is not optimal, as only a fraction of the 
pollen produced will make it to the sediment, this is the only way to have a snapshot of a 
wide range of locations (including those little-influenced by man). Because of the high 
fluvial discharge (365 million tons/yr; Wolanski et al., 1995), the Gulf of Papua receives 
a large concentration of pollen and spores produced by terrestrial vegetation. This should 
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give us some trends in changes in species diversity through time. A long lake or swamp 
core covering the last 14,500 years would be more optimal (as used by Haberle and Ledru 
(2001) and Hope (2009), for example) for such a study, but the approach proposed should 
provide a more regional picture of vegetation change, as well as allow us to reconstruct 
oceanographic changes with marine dinoflagellate cysts which cannot be done with 
terrestrial studies. 
Objective 4: Determine the widespread human impact on Papua New Guinea 
vegetation spatially and temporally. 
The interplay between humans, vegetation, and climate is complex. Numerous 
authors (Flenley, 1979; Walker and Flenley, 1979; Hope et al., 1983; Flenley, 1988; 
Hope et al., 1988; Flenley, 1998; Haberle et al., 2001; Haberle and Ledru, 2001; Denham 
et al., 2003; Hope et al., 2004; Jago and Boyd, 2005; Kershaw et al., 2007; Haberle, 2007; 
Hope, 2008; Hope, 2009) have already examined the influence of human occupation and 
changing climate on vegetation structure in the latest Quaternary using the terrestrial 
vegetation record, including pollen, spores, phytoliths, and plant macrofossils. We plan to 
analyze pollen and spore distribution in the Gulf of Papua to determine the degree to 
which it has been affected by humans and the extent to which it is controlled by climate. 
Both human impact and climate change alter biodiversity, but it can be difficult to 
separate out what effects are due to humans and what are due to climate. In general, man 
has acted to lessen biodiversity since his occupation on the island, and he has introduced 
numerous agricultural species that can be observed in the palynological record. Climate 
change, on the other hand, results in fluctuations in biodiversity, lessening it in glacial 
periods and increasing it in interglacial periods. Detailed analysis that will be performed 
in this project will further elucidate how climate and humanity interact to produce the 
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observed vegetation distribution. At present, Papua New Guinea’s biodiversity is more 
severely threatened by human development than climate change, but this influence play 
can change as climate continues warming. Man lived in relative harmony for 
approximately 30,000 years with the island’s flora and fauna from his initial occupation 
40,000 B.P (Denham et al., 2009). Hunting and gathering during that period was his 
primary subsistence strategy, and comparatively little land was cleared. Beginning 
approximately 9,000 years ago, the development of agricultural practices such as burning 
and clearing land for crop growth became widespread (Hope et al., 1983; Denham et al., 
2003). Planting crops and destroying natural forests for agricultural purposes has used 
approximately 6,000,000 hectares of land on Papua New Guinea. Logging for economic 
gain in more recent periods has used an additional 1,000,000 hectares of forestland 
(Kaluwin et al. 2000). The loss of natural forest vegetation and replacement with 
agricultural crops such as corn (Zea mays), bananas (Musa spp.), sweet potato (Ipomoea 
batatas), sugar cane (Saccharum officianum), and taro (Colocasia esculenta) appear in 
Papua New Guinea’s terrestrial palynological record (e.g., Walker and Flenley, 1979; 
Lentfer and Torrence, 2007; Lentfer et al. 2010). Loss of tropical rainforest species and 
the appearance of human cultivars, such as the species mentioned above, are expected in 
palynological material in this project from 9,000 years BP. After determining regional 
vegetation diversity in Objective 3, we plan to determine the regional extent to which that 
biodiversity has been affected by human influence by analyzing samples from cores MD-
50, MV-41, and MV-46 which contain a record of the last 14,500 years (Figure 1.1). 
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CHAPTER 2. ASSESSING PALEOBATHYMETRY AND SEDIMENTATION RATES 
USING PALYNOMACERAL ANALYSIS: A STUDY OF MODERN SEDIMENTS 
FROM THE GULF OF PAPUA, PAPUA NEW GUINEA* 
Introduction 
Palynofacies and palynomaceral analysis has been shown to provide an indirect 
method of assessing sedimentation dynamics and energy of the environment and assist in 
paleoenvironment interpretation (e.g., Lorente, 1990; van der Zwan, 1990; Batten, 1996; 
Jaramillo and Oboh-Ikuenobe, 1999; Ibrahim, 2002; Schiøler et al., 2002; Carvalho et al., 
2006). This project is part of the Source-to-Sink (S2S) initiative of the NSF-funded 
MARGINS program (NSF Grant No. OCE20-25294) focused on improving 
understanding of sedimentation and the stratigraphic architecture at continental margins, 
specifically examining factors that control sedimentation rate, transport, and 
accumulation (Dickens et al., 2006). The primary impetus behind performing 
palynomaceral analysis in this study is to better understand the distribution of the non-
palynomorph fraction of palynological residues and the relationship between these 
fragments and environmental variables, including bathymetry, sedimentation rate, and 
distance from the shore and shelf-slope break. If modern palynomaceral recovery is 
governed by these factors, then these fragments in pre-modern samples could inform 
researchers of paleoenvironmental conditions, including paleobathymetry and 
sedimentation dynamics in ancient environments. Cores for this project taken from 64 
sites during multiple oceanographic cruises conducted from 2003 to 2005 were selected  
 
*This chapter previously appeared in Thomas, M.L., Pocknall, D.T., Warny, S., Bentley, 
S.J. Sr., Droxler, A.W., Nittrouer, C.A., 2015. Assessing palaeobathymetry and 
sedimentation rates using palynomaceral analysis: a study of modern sediments from the 
Gulf of Papua, offshore Papua New Guinea. Palynology, 
doi:10.1080/01916122.2015.1014526. It is reprinted by permission of AASP – The 
Palynology Society.  
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from the Gulf of Papua (GoP), Papua New Guinea. Because these sites span river deltas 
on the continental shelf to the abyssal plain, we believe they effectively illustrate 
variations in most common marine environments of deposition.  
Palynomacerals 
Palynomacerals and palynofacies analyses have been used by biostratigraphers for 
decades to interpret sedimentation dynamics and depositional environments in both 
ancient and modern sediments (e.g., Batten, 1983; Whitaker, 1984; Boulter and Riddick, 
1986; Gregory and Hart, 1990; Pocknall and Beggs, 1990; van der Zwan, 1990; Batten, 
1996; Oboh-Ikuenobe et al., 1997; Oboh-Ikuenobe et al., 1998; Jaramillo and Oboh-
Ikuenobe, 1999; Courtinat et al., 2002; Ibrahim, 2002; Schiøler et al., 2002; Roncaglia, 
2004; Roncaglia and Kuijpers, 2004; Carvalho et al., 2006; Pross et al., 2006; Zobaa et al., 
2008; Skupien and Mohamed, 2008; Schiøler et al., 2010). As mentioned above, our 
study strictly focuses on the modern component of the palynomaceral record, in order to 
better our understanding of present palynomacerals in the modern Gulf of Papua. Despite 
the widespread use of palynomacerals, explaining this component of the sedimentary 
record can be complicated and counter-intuitive due to multiple classification schemes 
and various processing techniques (Tyson, 1995). A precise modern characterization is 
fundamental if we want to use palynomacerals from ancient depositional settings as 
paleoenvironmental proxies. 
Terminology 
The term ‘maceral,’ first proposed by Stopes (1935), originates from the field of 
organic petrology where it is used to classify the organic particles comprising coals 
(Crelling and Dutcher, 1980). Within organic petrology, macerals are broken down into 
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three broad categories: vitrinite/huminite (derived from plant tissues and still possessing 
some evidence of cellular structuring), liptinite/exinite (includes the exines of pollen and 
spores, as well as other palynomorphs), and inertinite (plant tissues that have been highly 
degraded) (Tyson, 1995). Whitaker (1984) used the term ‘palynomaceral’ to refer to these 
coal maceral categories of organic particles that can be identified in palynological 
preparations. The terms vitrinite, inertinite, and cutinite, while generally equivalent to the 
palynomacerals found in palynological preparations cannot be used here (although they 
have been used before as such, e.g., Jäger (2002)), because they are defined for reflected 
light microscopy (Crelling and Dutcher, 1980). In this paper, the term palynomaceral is 
used to refer to all organic material, including both structured and unstructured 
fragments, that can be found in palynological preparations, excluding what are 
traditionally thought of as palynomorphs (organic-walled microfossils, such as pollen, 
spores, dinoflagellate cysts, and acritarchs) (Tschudy, 1961).  
Multiple authors have proposed varying terminology for what we define as 
palynomacerals, such as ‘phytoclasts’ (Bostick, 1974), ‘palynodebris’ (Manum, 1976; 
Habib, 1979; Tyson, 1984; Boulter and Riddick, 1986; Pocock et al., 1988; Mudie, 1989; 
van Bergren et al., 1990), ‘organic debris’ (Piasecki, 1980), ‘dispersed organic matter’ 
(Cope, 1981), and ‘kerogen’ (Brooks, 1981). The definitions of these terms vary 
depending on the author, specifically whether they choose to include or exclude 
palynomorphs and structureless/amorphous organic matter. This factor makes it difficult 
to compare and contrast between results achieved. Definition of organic matter subgroups 
is even more variable among authors. For example, Boulter and Riddick (1986) initially 
included 21 categories of amorphous matter, including specks, unstructured debris, 
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cuticle, wood, and black debris, that they subsequently grouped into two overarching 
categories upon statistical analysis (amorphous matter and palynowafers). In another 
example, Hart et al. (1986) and Darby and Hart (1994) proposed a classification scheme 
of 12 categories of macerals depending on preservational state and biologic origin. It is 
difficult to know which of many schemes to use and ultimately which categories will be 
most useful in paleoenvironmental interpretation. We have chosen to follow the scheme 
of Whitaker (1984) and van der Zwan (1990) because of its simplicity and approximation 
with coal petrological terms, which are still widely used in the petroleum industry to 
classify palynomacerals in palynological preparations.   
van der Zwan (1990) provides a synthesis of coal maceral terminology and 
palynomaceral terminology from Whitaker (1984) and Boulter and Riddick (1986) (Table 
2.1). Vitrinite includes clearly observable wood with cellular structures, cutinite includes 
leaf cuticle, and inertinite includes black debris that can be bladed or equidimensional 
and is probably highly degraded wood. Sporinite and liptinite include pollen and spore 
exines, fungal spores, and marine palynomorphs. Structureless organic matter (SOM) can 
be derived in situ from organic production in the water column or from terrestrial 
material. Marine SOM is roughly equivalent to liptinite in coal maceral terms (Whitaker, 
1984; Boulter and Riddick, 1986; van der Zwan, 1990). Other researchers have also 
applied modified versions of this scheme to their analyses of palynomaceral fragments 
(Bryant et al., 1988; Whitaker et al., 1992; Courtinat et al., 2002). In this study, a 
modified scheme from these authors is used to classify palynomaceral fragments (Table 
2.1, Figure 2.1).  
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Coal Macerals                       
(approximate 
equivalents) 
Palynodebris Categories 
This Study 
(Palynomacerals) Modified after Whitaker (1984) and                
van der Zwan (1990) 
Modified after Boulter and 
Riddick (1986) 
  Dark Structureless Organic Matter (SOM) 
Comminuted and Degraded 
Debris 
Structureless Organic 
Matter (SOM) 
VITRINITE 
Palynomaceral 1 Brown Wood, Well-
preserved Wood, 
Parenchyma 
Palynomaceral 1-2 
Palynomaceral 2 
CUTINITE Palynomaceral 3 
Leaf cuticle, Unstructured 
Plant Debris 
Palynomaceral 3 
INERTINITE 
Palynomaceral 4 (equidimensional and 
bladed) 
Black Debris Palynomaceral 4 
SPORINITE/  
LIPTINITE 
Pollen and spores (bisaccate pollen, fungal 
spores, and plant spores) 
Pollen and Spores 
Not Included in this 
Study Marine palynomorphs (dinoflagellate 
cysts, acritarchs, and marine algae) 
Marine Palynomorphs 
Structureless Organic Matter (SOM) Amorphous Matter, Specks 
Structureless Organic 
Matter (SOM) 
 
Table 2.1. Comparison of palynomaceral terminology used in this paper with coal maceral equivalents and palynodebris 
categories of Whitaker (1984), Boulter and Riddick (1986), and van der Zwan (1990). Table modified from van der Zwan 
(1990).  
 48 
Figure 2.1. Light photomicrographs of palynomaceral categories at 600x 
magnification. 1) PM1-2 (palynomaceral 1-2), brown wood, from consultant’s 
processing. 2) PM3 (palynomaceral 3), leaf cuticle, from consultant’s processing. 
3) PM4 (palynomaceral 4), black debris, from consultant’s processing. 4) SOM 
(structureless organic matter of terrestrial origin probably derived from land plant 
material, from consultant’s processing. 5) SOM of marine origin with pyrite 
nodules, derived in situ, from consultant’s processing. 6) Resin, from consultant’s 
processing. 7) PM1-2, brown wood, authors’ processing. 8) PM4, black debris, 
from authors’ processing. 9) SOM of terrestrial origin, from authors’ processing. 
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In our study, palynomaceral 1-2 (PM1-2) is brown wood (vitrinite) derived from 
land plant material that may or may not have cellular structuring. It can also include gel-
like substances formed by the decay of plant material in situ (van der Zwan, 1990). Resin 
is often included in the PM1-2 category (e.g. Whitaker, 1984; Boulter and Riddick, 1986; 
van der Zwan, 1990), but we have chosen to record it separately in order to determine if it 
occurs preferentially in any one of the environments. PM3 is leaf cuticle (cutinite) that 
shows cellular structuring and often stomata. PM4 is black debris (inertinite) that is 
highly degraded plant material and charcoal (Whitaker, 1984; Boulter and Riddick, 1986; 
van der Zwan, 1990).   
SOM is used to define all amorphous material (amorphous organic 
material/AOM) with no structuring or evidence of tissue. Most SOM recovered in this 
study contains pyrite nodules, so it is likely derived from bacterial production in situ 
(Brooks, 1981). Some SOM recovered in near shore samples lacks pyrite nodules and 
could be terrestrially derived (Figure 2.1). Environmental factors are generally related to 
the appearance of SOM/AOM in palynological preparations (Traverse, 2007). Oboh 
(1992) notes AOM derived terrestrially appears yellow and gel-like, whereas AOM 
derived in the marine realm is grey. We have chosen to combine both terrestrially and in 
situ-derived SOM as one category, because it varies greatly in its appearance. Processing 
methodology can bias pyrite recovery, and SOM particles recovered in this study can 
vary in color from nearly clear to brown to grey. 
The need for an in-depth palynomaceral analysis 
This study departs from traditional palynofacies analyses in that it does not 
include palynomorphs (pollen, spores, dinoflagellate cysts, acritarchs, foraminifera 
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linings, etcetera) (e.g., Batten, 1983; Gregory and Hart, 1990; Pocknall and Beggs, 1990; 
van der Zwan, 1990; Batten, 1996; Oboh-Ikuenobe et al., 1997; Oboh-Ikuenobe et al., 
1998; Jaramillo and Oboh-Ikuenobe, 1999; Courtinat et al., 2002; Ibrahim, 2002; 
Schiøler et al., 2002; Roncaglia, 2004; Roncaglia and Kuijpers, 2004; Carvalho et al., 
2006; Pross et al., 2006; Zobaa et al., 2008; Skupien and Mohamed, 2008; Schiøler et al., 
2010). There are two primary reasons behind excluding palynomorphs. First, this study’s 
primary goal is to provide a fully quantitative analysis of the palynomacerals so that 
future comparison with palynomorph counts is better constrained. Most palynological 
consultants to the petroleum industry only provide an estimate of the recovery of 
palynomaceral fragments instead of an actual count, and many authors only use semi-
quantitative estimates for these categories (Tyson, 1995). In the tropical environment 
studied here, this approach would make it difficult to compare with palynomorph counts, 
so a focused palynomaceral study is essential. Second, the palynological assemblage 
recovered is extremely complex and will be dealt with in a future study. 
Factors impacting modern palynomaceral recovery 
A variety of factors can impact the recovery of palynomacerals and fragile 
palynomorphs in preparations (e.g., Dale, 1976; Reid, 1974; Schrank, 1988; Batten, 
1996). The terrestrial source from which they were derived, transportation processes, 
organic production in the marine realm, and diagenesis after deposition play a role in 
governing assemblages present. Additionally, palynomaceral size, shape, density, 
buoyancy, and type influence how they are transported and deposited. Processing 
methodology is particularly important for ensuring consistency within samples (Batten, 
1996; Batten and Stead, 2005).  
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Sediment source impacts the type of palynomaceral present (Traverse, 2007). A 
densely vegetated area will be expected to source sediments having higher percentages of 
palynomacerals 1-2 and 3 (PM1-2, PM3), while a sparsely vegetated area will not. 
Distance from shore and time in transport or residence also impacts palynomaceral 
recovery. For example, PM4 is more buoyant than PM1-2 and PM3 and can be 
transported over longer distances (van der Zwan and van Veen, 1978; Richelot and 
Streel, 1985; van der Zwan, 1990). PM1-2, PM3, and PM4 are primarily terrestrially 
derived, and their abundance is predicted to decrease with increasing distance from shore 
and water depth. Abundances of these three categories are expected to increase with 
increasing sedimentation rate, as sedimentation rates are usually higher near shore.  
SOM in this study appears to be mostly of marine origin (grey and possesses 
pyrite nodules) and is predicted to increase with increasing water depth and distance from 
shore and shelf/slope break where burial of marine organic matter outweighs delivery and 
deposition of terrestrial organic matter. SOM can also be derived from terrestrial material 
(Batten, 1983), although transport of this type of SOM to far offshore locations is 
unlikely. Bacterial production in the water column creates in situ SOM/amorphous 
organic matter (AOM), which can be associated with partially anaerobic and stagnant 
water bottom conditions (Demaison and Moore, 1980; van der Zwan, 1990), although 
some degree of oxygenation is needed for bacterial activity (e.g., Staplin, 1969; Philp et 
al., 1978; Batten, 1983; Batten, 1996). In general, amorphous material is best recovered 
in settings where the preservation potential is high (Tyson, 1993; Carvalho et al., 2006). 
Many authors, including van der Zwan (1990), Tyson (1995), Batten (1996), 
Oboh-Ikuenobe et al. (1998), Jaramillo and Oboh-Ikuenobe (1999), and Batten and Stead 
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(2005), have noted the importance of processing methodology when analyzing 
palynomaceral assemblages. Oxidation in particular can reduce the amount of SOM 
found in palynological preparations, so palynomaceral analysis is best performed on 
unoxidized kerogen slides (Batten, 1996). Processing techniques must be carefully 
controlled in order to ensure uniform representation among samples (Batten, 1996; Batten 
and Stead, 2005). Slight oxidation can improve the identification of palynomacerals, 
especially PM1-2 and PM3 (van der Zwan, 1990), but this approach is not standard for 
analyses of this sort. Some authors have performed palynofacies analysis on oxidized 
slides (Batten, 1983; Schiøler et al., 2002; Schiøler et al. 2010). 
The composition of the palynomaceral assemblage can inform us about sediment 
source, transport, and depositional processes (Batten, 1996; Tyson and Follows, 2000). 
Other factors, such as climate, could influence palynomaceral production but because we 
are focusing our analysis on modern sediments and climate is considered to be consistent 
across the study area, we predict that climate will not play a large role in palynomaceral 
content. Likewise, as the sediments are all modern (deposited within approximately the 
last 100 years), we do not believe tectonic events will cause variation among 
palynomaceral assemblages. Four factors should have the predominant impact on 
palynomaceral distribution for the modern study area; these are water depth, distance 
from shore, distance from shelf-slope break, and sediment accumulation rate. The goal of 
the study is to understand how palynomaceral distribution is influenced by these four 
factors in a modern setting, and therefore better understand how to utilize palynomaceral 
assemblages to reconstruct paleoenvironmental conditions. 
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Study Area 
The Gulf of Papua (GoP) is located to the southeast of Papua New Guinea 
between approximately 8-10°S latitude and 143-147°E longitude (Figure 2.2). Two 
climatic seasons occur every year: a northwest monsoon from December to March and a 
southeast monsoon from May to October. Semidiurnal tides reach a peak spring tide of 
five meters (Wolanski et al., 1995; Harris et al., 2004; Ogston et al., 2008). Mainland  
 
 
Figure 2.2. Sampling locations for palynomaceral analysis in the Gulf of Papua, 
Papua New Guinea. Bathymetry from Daniell (2008). 
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Papua New Guinea and its surrounding islands, which number greater than 1400, have a 
combined 5,152 km of coastline. The combined factors of high rainfall and tall mountains 
mean that sediment discharge into the Gulf of Papua reaches approximately 3.84 x 10
8
 
tons per year, one of the highest discharges known globally (Milliman, 1995; Wolanski et 
al., 1995). The distance from the shoreline to the shelf-slope break is less than ten km in 
the northeastern gulf, while in the northwestern and western gulf, the distance is greater 
than 100 km.  
Sedimentation dynamics vary greatly throughout the Gulf of Papua (Muhammad 
et al., 2008) due to factors such as seasonal changes in wind direction, tidal variations on 
daily/monthly timescales (Wolanski and Alongi, 1995; Ogston et al., 2008; Slingerland et 
al., 2008), the area of land draining into the gulf, and high sediment discharge (Wolanski 
et al., 1995). Deposition of coarser sands and silts dominates near-shore locations, while 
offshore, finer-grained muds are deposited mainly as a hemipelagic rain (Muhammad et 
al., 2008). Carbonate deposition occurs in the southwest portion of the gulf at the 
northernmost extension of the Great Barrier Reef (Tcherepanov et al., 2008). A synthesis 
of the major depositional environments in the Gulf of Papua (Walsh et al., 2004; Carson 
et al., 2008; Crockett et al., 2008; Francis et al., 2008; Martin et al., 2008; Howell et al., 
2014), as well as ages of exposed geologic formations in Papua New Guinea and northern 
Australia (Steinshouer et al., 1999) is shown in Figure 2.3. The sampling locations for 
this project span many depositional settings, which are described below. 
Nearshore sedimentation: Western Gulf of Papua clinoform 
Sedimentation from numerous rivers, of which the Fly, Bamu, Turama, Kikori, 
Purari, Vailala, and Lakekamu Rivers are the largest (Figure 2.2), has resulted in the 
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Figure 2.3. Synthesis of major Gulf of Papua depositional environments (Walsh et al., 2004; Carson et al., 2008; Crockett et al., 2008; Francis et al., 2008; Martin et al., 2008; Howell et al., 2014). AT 
= Ashmore Trough, AR = Ashmore Reef, EFR = Eastern Fields Reef. Terrestrial geologic data is synthesized from Steinshouer et al. (1999). Papua New Guinea geology abbreviations are for formation 
ages (J = Jurassic, JK = Jurassic-Cretaceous, K = Cretaceous, KT = Cretaceous-Tertiary, MZ = Mesozoic, N = Neogene, NQ = Neogene-Quaternary, PZ = Paleozoic, Pg = Paleogene, Q = Quaternary, 
T = Tertiary, TQ = Tertiary-Quaternary, oth = other, und = undifferentiated). 
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formation of a late Holocene clinoform that extends offshore from these rivers in the 
western Gulf of Papua (GoP) (Walsh et al., 2004) (Figure 2.3). Understanding clinoform 
deposition is important, because it has been estimated by Walsh et al. (2004) that up to 95% 
of the sediment budget delivered to the GoP accumulates in the clinoform, predominantly 
in less than 60 meters of water depth in clinoform topset beds, mangrove belts, and river 
deltas. Topset beds are characterized by sedimentation rates of approximately 0.7 cm/yr 
with depths to topset beds at approximately 20 mbsl (meters below sea-level). Foreset 
bed sedimentation rates are much higher, between 1.5 to 4.0 cm/yr and extend to 
approximately 60 mbsl. Bottomset beds have much lower sedimentation rates of less than 
0.7 cm/yr and are deeper than 60 mbsl (Wolanski and Alongi, 1995; Walsh et al., 2004; 
Slingerland et al., 2008). Sediments in the northeastern GoP shelf accumulate in a mud 
belt due to advection and current transport (Harris et al., 1993; Harris et al., 1996; Walsh 
et al., 2004). Clinoform sediments are dominated by terrestrial reworked sediments 
predominately sourced by the large rivers mentioned above. The bedrock geology of 
western Papua New Guinea consists of uplifted terrestrial and marine sedimentary 
deposits of Neogene age (Davies, 2012), with lesser quantities of Neogene volcanics and 
low-grade metamorphic rocks (Milliman, 1995; Brunskill, 2004). 
Offshore sedimentation: Deep ocean basin 
In the northeastern GoP where the shelf is narrower, sedimentation rates are much 
lower (approximately 0.2 cm/yr) (Muhammad et al., 2008). Sediments accumulate in the 
deep ocean basin past the shelf-slope break in basins including Ashmore, Pandora and 
Moresby Troughs (Figure 2.3). In the southwestern GoP, accumulation rates of 
siliciclastic sediments are very low due to the current highstand of sea level and the
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clockwise current that transports sediment towards the northeast. Sediments sourced from 
the Vailala and Lakekamu Rivers (Figure 2.2) of northern and northeastern Papua New 
Guinea include high proportions of igneous and metamorphic components derived from 
the Papuan Mountains (Davies et al., 1989; Pigram et al., 1989; Symonds et al., 1991; 
Norvick et al., 2001; Davies, 2012). 
Materials and Methods 
Sampling and environmental variables 
Samples from 64 core locations were sub-sampled from the top 0-4 cm of the 
core. The samples are archived at Louisiana State University, Baton Rouge, LA, U.S.A., 
and the University of Washington, Seattle, WA, U.S.A. Multi-core methodology was 
used to collect the 27 offshore samples. Kasten core and box core methodology was used 
to collect 36 of the 37 near shore samples. One sample (C2-A11) was collected using a 
grab sampler. Although it is possible that the different coring methods used to obtain the 
samples could have affected the results of this study, we are confident the impact is 
minimal. Core types were included in initial statistical analyses and did not change the 
results. Sample names (which are also the core and site name for this study), core type, 
sample interval obtained (cm), geographic coordinates (decimal degrees), water depth (m, 
more negative values indicate deeper water), distance from shore (km), distance from 
shelf-slope break (km, negative values indicate samples are on the shelf, positive values 
indicate samples are on the slope, rise, or abyssal plain), and sedimentation rates are 
provided (Table 2.2, Table 2.3). 
Water depths were measured when the sediment cores were taken. Distance from 
shore and shelf-slope break was measured as the shortest straight-line distance between
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Sample 
Core 
Type 
Int. 
(cm) 
Weight 
(g) 
Latitude Longitude 
Depth 
(m) 
Dist. from 
Shore (km) 
Dist. from Shelf 
Break (km) 
Sed. Rate 
(cm/yr) 
10MC MC 0-4 28.9 -9.8742 144.4812 -584 148 10 0.05 
12MC MC 0-4 35.4 -9.8120 144.4620 -372 142 2.4 0.09 
14MC MC 0-4 34.6 -9.9073 144.6608 -760 166 18.5 0.23 
16MC MC 0-4 39.9 -9.7443 144.7443 -686 164 2.4 0.05 
18MC MC 0-4 13.9 -8.5109 145.5134 -262 61 2.9 0.26 
19MC MC 0-4 40.2 -8.5234 145.5066 -229 64 0.4 0.18 
20MC MC 0-4 34.3 -9.2948 145.0185 -661 162.5 5.6 0.12 
21MC MC 0-4 26.3 -9.3648 145.0570 -1009 165 15 0.05 
24MC MC 0-4 16.6 -9.7890 146.2478 -2102 92 75 0.14 
26MC MC 0-4 17.7 -10.0090 146.3785 -2232 97 80 0.07 
28MC MC 0-4 22.3 -10.1668 147.1333 -2426 52.5 38 0.10 
30MC MC 0-4 17.9 -9.6667 146.1667 -2023 87 69 0.10 
32MC MC 0-4 27.6 -9.5520 145.3532 -1620 150 52 0.05 
38MC MC 0-4 22.2 -9.0083 145.3450 -977 120 17 0.10 
39MC MC 0-4 12.2 -8.6053 145.6060 -690 68 13.5 0.13 
42MC MC 0-4 12.8 -8.3698 145.8367 -91 35.5 -3.2 0.35 
43MC MC 0-4 21.7 -8.9120 146.4023 -62 15.5 -1.9 0.34 
44MC MC 0-4 10.8 -8.6072 146.1918 -99 17.5 -2.5 0.28 
47MC MC 0-4 5.8 -8.4347 145.8337 -399 40 9 0.28 
50MC MC 0-4 11.9 -8.5933 146.0457 -795 30 10 0.13 
 
Table 2.2. Sample data. Includes sample name, core type (MC = multi-core, KC = Kasten core, BC = box core, GC = 
grab sample), sample interval (centimeters), weight (grams), latitude and longitude (decimal degrees), depth (meters), 
distance from shore (kilometers), distance from shelf-slope break (kilometers), and sedimentation rate (cm/yr). 
Sedimentation rates synthesized from Walsh et al. (2004) and Muhammad et al. (2008). 
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Sample 
Core 
Type 
Int. 
(cm) 
Weight 
(g) 
Latitude Longitude 
Depth 
(m) 
Dist. from 
Shore (km) 
Dist. from Shelf 
Break (km) 
Sed. Rate 
(cm/yr) 
53MC MC 0-4 15 -8.7288 145.9358 -1111 48 25 0.21 
56MC MC 0-4 22.6 -8.9392 145.2343 -450 112 2.5 0.08 
60MC MC 0-4 21.7 -9.2423 145.8103 -1674 88 70 0.07 
69MC MC 0-4 17.6 -9.9845 144.8745 -1638 195 22.5 0.05 
70MC MC 0-4 17.5 -8.2160 145.1500 -1758 39.5 -47 0.12 
72MC MC 0-4 31.5 -10.2543 144.6890 -1320 195 57 0.07 
76MC MC 0-4 21.4 -10.4432 144.8629 -1551 225 72 0.07 
C2-8 KC 0-4 20 -8.5743 143.9577 -18 15.5 -130 0.70 
C2-A11 GC 0-4 19.7 -8.6559 143.9938 -25 23.5 -121 1.50 
CC5 KC 0-4 19.8 -8.1796 143.9417 -7 16.5 -160 0.70 
CC7 KC 0-4 19.6 -8.2753 144.0579 -5 33 -136 0.70 
CT KC 0-1, 2-3 19.5 -8.5764 143.9633 -18 16 -130 0.70 
D2 KC 0-4 19.6 -8.8133 143.7658 -15.9 19 -126 0.70 
D6 KC 0-4 19.5 -8.7200 143.7019 -26 7.6 -145 1.50 
E4 KC 0-4 20.7 -8.9078 143.5953 -10.4 19.5 -120 0.70 
EE5 KC 0-4 19.8 -8.1166 144.0822 -4 21.5 -150 0.70 
EE7 KC 0-4 20.4 -8.1752 144.1726 -8 34 -145 0.70 
EE9 KC 0-4 19.7 -8.2145 144.2385 -12 42 -128 0.70 
G2 KC 0-4 20.6 -9.0685 143.4930 -6 6.6 -120 0.70 
G3 KC 0-2 19.6 -9.0521 143.4851 -5 5.3 -121 0.70 
G5 KC 0-4 20.5 -9.0315 143.4870 -6 4.9 -123 0.70 
T10-20 BC 0-4 19.4 -9.1208 143.6250 -15 22.5 -105 0.70 
T10-60 BC 0-4 20.4 -9.2000 143.7080 -26.1 35 -94 1.50 
 
 
(Table 2.2 continued) 
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Sample 
Core 
Type 
Int. (cm) 
Weight 
(g) 
Latitude Longitude 
Depth 
(m) 
Dist. from 
Shore (km) 
Dist. from Shelf 
Break (km) 
Sed. Rate 
(cm/yr) 
T11-20 KC 0-4 19.1 -8.5700 144.1650 -20.8 37 -112 1.50 
T1-20 KC 0-4 21.4 -8.8100 144.4100 -62.1 72 -75 0.40 
T12-20 BC 0-4 20.1 -8.5000 144.2200 -20.7 43 -115 1.50 
T1-25 BC 0-4 21.2 -8.4000 144.2333 -19.1 45 -119 0.70 
T13-20C KC 0-4 20.2 -8.3300 144.2900 -29 55 -117 1.50 
T13-30C BC 0-4 20.5 -8.3500 144.3100 -37 56 -114 2.50 
T2-30 BC 0-2 19 -9.1333 143.7750 -23.9 38.5 -94 1.50 
T3-20KC BC 4-6 18 -9.0000 143.7550 -20.2 33.5 -109 1.50 
T3-30 BC 0-4 21.5 -9.0500 143.8083 -28.2 39.5 -100 1.50 
T4-30 BC 0-4 20 -8.9900 143.8575 -28.8 44.5 -105 1.50 
T4-50 BC 0-4 19.2 -9.0900 143.9600 -47.4 56.5 -90 0.70 
T5-20 BC 0-4 19.4 -8.8950 143.8950 -23.2 36 -116 1.50 
T6-20 KC 0-4 19.4 -8.8375 143.9500 -19.3 36 -117 0.70 
T6-30 KC 0-4 19.5 -8.8620 143.9770 -30.8 39.5 -102 2.50 
T7-20 KC 0-4 19.7 -8.7800 144.0125 -21.8 34.5 -105 1.50 
T7-30 KC 0-4 19.5 -8.8050 144.0363 -33.2 38 -100 2.50 
T8-20B KC 0-4 22 -8.6500 143.9833 -21.3 21.5 -118 1.50 
T8-30 KC 0-2 20.5 -8.7450 144.0800 -34.9 36.5 -108 2.50 
T8-50 KC 4-5 11.7 -8.7875 144.1200 -67.5 43.5 -95 0.40 
T8-60 KC 0-4 19.7 -8.8525 144.1900 -80 54 -86 0.40 
T9-30 KC 0-4 19.8 -8.7000 144.1800 -34.8 43.5 -95 2.50 
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Sample 
Lycopo-
dium 
Lyco./ 
Tablet 
# 
Tablets 
PM1-2 PM3 PM4 SOM Resin 
10MC 196 12542 2 41 0 136 125 1 
12MC 52 12542 2 91 2 86 139 1 
14MC 52 12542 2 72 0 143 107 5 
16MC 34 12542 2 71 0 193 47 9 
18MC 1 12542 2 60 0 198 50 5 
19MC 1 12542 2 60 1 216 44 8 
20MC 2 12542 2 50 0 225 47 6 
21MC 1 12542 2 94 0 214 46 4 
24MC 6 12542 2 67 0 153 99 12 
26MC 1 12542 2 67 0 109 156 20 
28MC 3 12542 2 99 1 126 78 19 
30MC 2 12542 2 64 0 219 134 27 
32MC 1 12542 2 70 0 192 53 6 
38MC 1 12542 2 86 0 198 39 11 
39MC 1 12542 2 54 1 136 114 18 
42MC 35 12542 2 85 2 172 74 17 
43MC 117 12542 2 107 4 105 79 28 
44MC 155 12542 2 64 0 105 168 4 
47MC 180 12542 2 94 2 163 176 11 
50MC 160 12542 2 82 0 114 117 9 
53MC 25 12542 2 112 1 137 120 4 
56MC 1 12542 2 97 9 204 43 4 
60MC 3 12542 2 132 2 173 59 6 
69MC 4 12542 2 99 0 228 40 1 
70MC 3 12542 2 117 0 166 86 7 
72MC 1 12542 2 94 0 219 42 5 
76MC 2 12542 2 97 1 137 84 4 
C2-8 7 20848 1 135 5 166 44 0 
C2-A11 2 20848 1 172 2 99 44 3 
CC5 4 20848 1 141 2 118 43 4 
CC7 5 20848 1 134 5 127 44 7 
CT 6 20848 1 136 2 129 34 7 
D2 6 20848 1 144 4 137 31 4 
D6 7 20848 1 120 10 145 35 3 
E4 5 20848 1 97 0 188 26 2 
EE5 5 20848 1 166 15 87 35 3 
EE7 13 20848 1 142 7 116 49 3 
 
 
 
Table 2.3. Counts for palynomaceral categories. PM1-2 = palynomaceral 1-2, PM3 = 
palynomaceral 3, PM4 = palynomaceral 4, SOM = structureless organic matter. 
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Sample 
Lycopo-
dium 
Lyco./ 
Tablet 
# 
Tablets 
PM1-2 PM3 PM4 SOM Resin 
EE9 8 20848 1 122 4 150 39 0 
G2 2 20848 1 117 2 116 87 0 
G3 5 20848 1 128 3 149 41 3 
G5 6 20848 1 115 2 163 35 0 
T10-20 8 20848 1 86 3 165 62 4 
T10-60 11 20848 1 111 1 145 48 7 
T11-20 9 20848 1 113 2 161 30 1 
T1-20 21 20848 1 94 0 191 41 4 
T12-20 11 20848 1 113 3 165 36 3 
T1-25 75 20848 1 111 0 140 74 8 
T13-20C 7 20848 1 132 5 143 61 7 
T13-30C 5 20848 1 133 1 140 37 3 
T2-30 8 20848 1 128 0 191 13 5 
T3-20KC 7 20848 1 137 0 158 32 2 
T3-30 3 20848 1 103 1 131 75 3 
T4-30 6 20848 1 160 5 100 51 11 
T4-50 9 20848 1 150 4 139 44 7 
T5-20 7 20848 1 104 3 177 56 6 
T6-20 9 20848 1 102 0 163 40 5 
T6-30 8 20848 1 87 1 188 25 1 
T7-20 10 20848 1 77 0 190 29 0 
T7-30 7 20848 1 99 1 182 27 3 
T8-20B 6 20848 1 141 2 137 32 8 
T8-30 1 20848 1 143 3 133 34 4 
T8-50 13 20848 1 137 2 124 46 8 
T8-60 19 20848 1 102 0 126 77 3 
T9-30 4 20848 1 137 0 103 85 6 
 
the sampling location and shore or shelf-slope break. Sedimentation rates (in cm/yr) from 
210
Pb-dating are available for offshore samples from Muhammad et al. (2008). 
Sedimentation rates for near shore sites are based on averages of 
210
Pb-dating results 
obtained from several studies of clinoform sedimentation in the GoP including Walsh et 
al. (2004), Crockett et al. (2008), and Martin et al. (2008). Because clinoform topset, 
foreset, and bottomset beds are deposited at characteristic ranges of water depths (Walsh 
(Table 2.3 continued) 
 63 
et al., 2004), we chose to assign average sedimentation rates to the samples based on the 
following parameters: 
 Clinoform topset:  
o Water depth between 0 – 20 m, sedimentation rate = 0.7 cm/yr. 
 Clinoform foreset:  
o Water depth between 21 – 30 m, sedimentation rate = 1.5 cm/yr. 
o Water depth between 30 – 45 m, sedimentation rate = 2.5 cm/yr. 
 Clinoform bottomset:  
o Water depth between 46 – 60 m, sedimentation rate = 0.7 cm/yr. 
o Water depth between 61 – 80 m, sedimetnation rate = 0.4 cm/yr. 
Sediments deposited on the clinoform foreset have the highest sediment accumulation 
rates, while topset and bottomset deposition rates are lower. Past 80 m water depth, 
clinoform bottomset deposition grades into outer shelf deposition with sedimentation 
rates lower than 0.4 cm/yr. There are no available samples for study on the outer shelf. 
Oceanographic currents, particularly tidal variations and seasonal wind changes, also play 
a role in influencing the deposition of sediments and organic matter (Wolanski et al., 
1995; Ogston et al., 2008), although this data is only available from a limited number of 
locations (Martin et al., 2008; Ogston et al., 2008; Slingerland et al., 2008). Because of 
the limited data availability, and because water depth and distance from shore/shelf break 
are often used as proxies for wave and current energy, current observations are not 
incorporated in this study. 
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Processing 
Samples were processed by an external consultant using standard techniques and 
spiked with Lycopodium tablets (one or two per sample) to provide for absolute 
abundance calculations (Traverse, 2007). Carbonates and silicates were dissolved using 
10% HCL and 70% HF solutions. Heavy liquid separation was performed using ZnBr2. 
Slight oxidation for thirty seconds was performed with Schulze’s reagent (potassium 
chlorate and nitric acid) . Samples were sieved at 10 microns, and slides were mounted in 
clear resin. Unoxidized kerogen slides were not provided, although 
palynomaceral/palynofacies analysis is traditionally conducted on unoxidized material 
(e.g., van der Zwan, 1990; Oboh-Ikuenobe et al., 1998; Jaramillo and Oboh-Ikuenobe, 
1999). Slightly oxidized samples (like the ones used in this study) can allow for easier 
identification of palynomacerals (van der Zwan, 1990), and can be used for 
palynomaceral analayis although oxidation does result in lower recovery of SOM. 
Because these samples were collected on cruises conducted over a decade ago, and the 
GoP is difficult to access, all samples could not be reprocessed for an unoxidized 
analysis.  
Twenty-nine nearshore samples were still available, and the authors re-processed 
them without HF and oxidants to determine the impact of the oxidative processing 
technique used by the consultant on palynomaceral recovery. Although most researchers 
perform palynofacies and palynomaceral analysis on unoxidized kerogen slides, some 
authors such as Batten (1983), Schiøler et al. (2002), and Schiøler et al. (2010) have run 
their analyses on oxidized slides. We have chosen to compare both methodologies to 
demonstrate how processing techniques could affect palynomaceral interpretation.  
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A modification of O’Keefe and Eble’s (2012) methodology was utilized for 
reprocessing available samples. Lycopodium spp. tablets were not used. Carbonates were 
dissolved using 10% HCl. Samples were disaggregated overnight in a 1% Liquinox 
solution to disperse clays. In a departure from O’Keefe and Eble’s (2012) method, 
potassium hydroxide was not used because it is known to swell and degrade more fragile 
palynomorphs such as modern dinocysts (e.g., Dale, 1976; Harland, 1981; Harland, 1983; 
Hughes and Harding, 1985; Schrank, 1988). Heavy liquid separation was performed 
using sodium polytungstate (specific gravity of 2.0). Samples were not stained, and slides 
were mounted in glycerol using volumetric methodology (Jörgensen, 1967). 
Microscopy 
Slides were examined under transmitted light on an Olympus BX43 microscope. 
The palynomaceral component of the slides was counted to at least 300 particles at 1000x 
magnification (Tables 2.3, 2.4), similar to standard techniques used for counting 
palynomorphs (Traverse, 2007). No particles smaller than 5 microns were counted. 
Counts of Lycopodium markers were tabulated for slides produced by the consultant in 
order to calculate absolute abundances; however this data could not be used for statistical 
calculations. Lycopodium recovery for offshore samples is highly variable, and we 
believe many of the markers were lost during processing for most of the samples (Table 
2.3). The calculation of absolute abundances of palynomacerals, therefore, is skewed and 
seriously affects statistical analysis. On the other hand, raw results from both processing 
sets are somewhat comparable, and these raw counts were used instead of attempting to 
use the absolute abundances calculated from the various techniques to avoid further bias. 
Indeed, multiple factors during processing can impact the distribution, size, and thus  
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Sample PM1-2 PM3 PM4 SOM Resin 
C2-8 166 3 149 7 0 
C2-A11 196 0 157 10 4 
CC5 166 0 114 34 0 
CC7 203 5 90 30 3 
CT 92 0 197 17 3 
D6 209 8 83 46 4 
E4 226 2 108 24 2 
EE5 204 2 103 26 0 
EE7 196 1 56 55 0 
EE9 231 3 87 29 2 
G2 198 1 107 13 1 
G3 186 0 126 7 0 
G5 169 1 107 36 5 
T1-20 143 0 183 8 4 
T10-20 114 0 171 35 1 
T10-60 120 0 132 54 8 
T11-20 137 0 170 5 4 
T12-20 124 0 167 17 2 
T13-20C 196 0 117 7 2 
T13-30C 160 1 128 34 1 
T2-30 141 3 143 51 2 
T4-30 139 1 162 12 4 
T6-20 125 0 170 12 0 
T6-30 118 0 190 13 2 
T7-30 154 1 147 14 0 
T8-20B 219 4 88 11 6 
T8-30 181 0 124 39 0 
T8-60 122 0 85 117 0 
T9-30 116 0 139 56 2 
 
counts of palynomaceral fragments, including water pressure used during sieving, the 
sieve sized used, cover slip mounting (Boulter and Riddick, 1986), and oxidation (e.g., 
Tyson, 1995). For this reason, many researchers choose semi-quantitative or estimation 
methods to determine the number of palynomaceral fragments (Boulter and Riddick, 
1986). These estimations are subjective, so individual particles were counted, similar to 
Table 2.4. Counts of samples reprocessed by the authors. 
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Carvalho et al. (2006), instead of making an estimate of their percentages, while keeping 
in mind that processing methodology can influence the size and distribution of 
palynomacerals on the slides. Spatial bubble plots of counted palynomacerals for the 
consultant’s slides were created using ArcGIS 10.2 (ArcGIS Desktop, 2014) (Figures 2.4, 
2.5). Categories were plotted as a percent of the total palynomaceral count. 
Statistical analysis 
Principal component analysis (PCA) was performed using Canoco5 (Šmilauer, 
2012) to determine if environmental factors, including water depth, distance from shore, 
distance from the shelf-slope break, and sedimentation rates influenced palynomaceral 
distribution. PCA was chosen, because the environmental factors selected in this study 
might not be the only factors impacting palynomaceral distribution. For example, current 
speed, time in transport, amount of bacterial activity, and source could impact recovery, 
and these variables are difficult to account for in statistical analysis. Palynomaceral data 
were analysed unconstrained, and environmental variables (water depth (m), distance 
from shore (km), distance from shelf-slope break (km), and sediment accumulation rate 
(cm/yr)) were used to help interpret the results. Four PCA axes were computed, and 
response data were log-transformed.  
PCA results for the consultant’s samples are presented as a triplot with the first 
PCA axis plotted on the x axis and the second PCA axis plotted on the y axis (Figure 2.6, 
Table 2.5). Palynomaceral arrows (filled black) and environmental variables (empty 
black) point in the direction of steepest increase. Their length indicates degree of fit for 
that category. Acute angles between arrows indicate positive correlation, and obtuse 
angles indicate negative correlation. Samples are plotted by their Euclidean distance.  
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Figure 2.4. Spatial bubble plots for nearshore palynomacerals. Each category is plotted as a percentage of the 
total count. Palynomaceral 1-2 (PM1-2), palynomaceral 2 (PM3), palynomaceral 4 (PM4), structureless 
organic matter (SOM). Basemap from ESRI (2014). 
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Figure 2.5. Spatial bubble plots for offshore palynomacerals. Each category is plotted as a percentage of 
the total count. Palynomaceral 1-2 (PM1-2), palynomaceral 2 (PM3), palynomaceral 4 (PM4), structureless 
organic matter (SOM). Basemap from ESRI (2014). 
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Figure 2.6. Principal component analysis (PCA) results with environmental variables for 
samples. Samples are plotted by their Euclidean distance scores. Arrows indicate the 
direction of steepest increase for the corresponding palynomaceral category or 
environmental variable. Acute angles between arrows indicate positive correlation, obtuse 
angles indicate negative correlation. Palynomaceral 1-2 (PM1-2), palynomaceral 2 (PM3), 
palynomaceral 4 (PM4), structureless organic matter (SOM). 
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Those plotting farther apart are more dissimilar, while those plotting nearer to each other 
are less dissimilar. An acute angle between an environmental variable and palynomaceral 
category indicates a positive correlation, while an obtuse angle indicates a negative 
correlation.  
Consultant samples were then plotted by their Euclidean distance scores without 
palynomaceral or environmental variable arrows and labelled according to their 
corresponding sedimentary environment (Figure 2.3) to determine if samples from the 
same environment were less dissimilar to samples from other environments (Figure 2.7). 
The following sedimentary environments were included: clinoform topset, clinoform 
foreset, clinoform bottomset, and offshore samples (slope, rise, or abyssal plain).  
Dissimilarity between the palynomaceral counts for the two processing methods was 
analysed using PCA without supplementary variables (Figure 2.8, Table 2.6). Samples 
are plotted by their Euclidean distance scores. Samples processed by the authors have an 
R appended to their name. If the samples processed by the authors and the consultants 
have the same recovery of palynomacerals, then the symbols should plot on top of or very  
 
Unconstrained PCA with Environmental Variables 
Total Variation 101.49 
Supplementary variables account for 32.00% 
Statistic Axis 1 Axis 2 Axis 3 Axis 4 
Eigenvalues 0.4715 0.3336 0.1423 0.0411 
Explained variation (cumulative) 47.15 80.51 94.74 98.85 
Pseudo-canonical correlation (suppl.) 0.7302 0.3519 0.3536 0.4444 
Table 2.5. Results from unconstrained principal component analysis (PCA) with 
supplementary environmental variables for samples processed by the consultant.  
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near to each other. The amount of dissimilarity between the two processing methods is 
indicated by the distance between the points for a particular sample. 
To help quantify the variability between the consultant’s and the authors’ 
processing methodologies, t-tests were performed for each palynomaceral category to 
compare the means of each group (Tables 2.7, 2.8, 2.9, 2.10, 2.11). The mean of each 
palynomaceral category was calculated with its standard deviation for both the authors’  
Figure 2.7. Principal component analysis (PCA) with environmental variables results 
for samples. Samples are plotted by their Euclidean distance score, and symbol 
corresponds to the depositional environment. Crosses are clinoform topset samples, 
triangles are clinoform foreset samples, squares are clinoform bottomset samples, and 
open circles are offshore basin samples. Ovals indicate where the majority of samples 
for each environment plot. There are not enough bottomset samples (four) to 
conclusively determine how they relate to each other. 
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and consultant’s samples. The number of occurrences for each group is 29, and the 
degrees of freedom are 56. The null hypothesis for these t-tests predicts that processing 
methodology does not affect palynomaceral recovery. P values of less than 0.05 indicate 
that the differences between the two processing techniques are not due solely due to 
chance, meaning the results are statistically significant. 
Figure 2.8. Principal component analysis (PCA) results comparing the dissimilarity 
between processing methodology. Samples are plotted by their Euclidean distance 
scores. Consultant-processed samples are filled dots, and author-processed samples are 
open circles (reprocessed samples are labeled with an “R” following the sample 
name). Supplementary variables are not included.  
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Unpaired t-test for Palynomaceral 3 
Data 
  Consultant Authors 
Mean 2.97 ± 3.29 1.24 ± 1.90 
SEM 0.61 0.35 
N 29 29 
Calculation 
t-statistic 2.4435 
df 56 
Standard error of difference 0.706 
P value (two-tailed) 0.0177 
 
 
Unconstrained PCA comparing consultant and CENEX samples 
Total Variation 100.05 
          
Statistic Axis 1 Axis 2 Axis 3 Axis 4 
Eigenvalues 0.4358 0.2863 0.2177 0.0557 
Explained variation (cumulative) 43.58 72.21 93.99 99.56 
Unpaired t-test for Palynomaceral 1-2 
Data 
  Consultant Authors 
Mean 124.34 ± 22.31 163.83 ± 39.14 
SEM 4.14 7.27 
N 29 29 
Calculation 
t-statistic 4.7194 
df 56 
Standard error of difference 8.366 
P value (two-tailed) <0.0001 
Table 2.6. Results from unconstrained PCA without supplementary variables 
comparing consultant’s and authors’ processing techniques. 
Table 2.7. Unpaired t-test for Palynomaceral 1-2. SEM = standard error of the mean, 
N = number of samples, df = degrees of freedom. P values < 0.05 indicate statistical 
significance. 
Table 2.8. Unpaired t-test for Palynomaceral 3. SEM = standard error of the mean, N 
= number of samples, df = degrees of freedom. 
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Unpaired t-test for Palynomaceral 4 
Data 
  Consultant Authors 
Mean 144.34 ± 29.48 131.03 ± 36.57 
SEM 5.47 6.79 
N 29 29 
Calculation 
t-statistic 1.526 
df 56 
Standard error of difference 8.723 
P value (two-tailed) 0.1326 
 
 
Unpaired t-test for SOM 
Data 
  Consultant Authors 
Mean 43.28 ± 17.11 28.24 ± 23.57 
SEM 3.18 4.38 
N 29 29 
Calculation 
t-statistic 2.7796 
df 56 
Standard error of difference 5.409 
P value (two-tailed) 0.0074 
 
Results 
The results for counted palynomacerals for near shore and offshore sample sites 
from the consultant’s processing procedure are mapped (Figures 2.4, 2.5, Table 2.4). 
Nearshore sample sites show much higher abundances of PM1-2, while offshore sites 
show much higher abundances of PM4 and SOM. Samples with particularly high SOM  
 
Table 2.9. Unpaired t-test for Palynomaceral 4. SEM = standard error of the mean, N 
= number of samples, df = degrees of freedom. 
Table 2.10. Unpaired t-test for SOM (structureless organic matter). SEM = standard 
error of the mean, N = number of samples, df = degrees of freedom. 
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recoveries also have the highest marine palynomorph recovery (dinoflagellate cysts and 
acritarchs). Other authors, including Brooks (1981) and Carvalho et al. (2006), have 
noted an increase in amorphous organic matter (AOM) recovery in samples with high 
organic production in the water column. PM3 and resin recoveries are low throughout the 
study area. Principal component analysis (PCA) with supplementary (environmental) 
variables indicates strong positive correlation between PM1-2 and PM3 (Figure 2.6). 
SOM and resin are also positively correlated. PM4 has a strong negative correlation with 
all palynomaceral categories, except SOM, with which its positive correlation is weak. 
PM1-2 and PM3 counts are positively correlated (their counts increase) with increasing 
sedimentation rates and shallower water depths (bathymetry values are negative in the 
statistical analysis, so less negative values indicate shallower depths), and they are 
negatively correlated with increasing distance from shore and shelf-slope break. PM4, 
SOM, and resin are positively correlated (counts increase) with increasing distance from 
shore and shelf-slope break, and they are negatively correlated with sedimentation rate 
and shallower water depths. The total variation among samples is 101.49 (Table 2.5), and 
Unpaired t-test for Resin 
Data 
  Consultant Authors 
Mean 3.79 ± 2.68 2.14 ± 2.08 
SEM 0.5 0.39 
N 29 29 
Calculation 
t-statistic 2.6276 
df 56 
Standard error of difference 0.63 
P value (two-tailed) 0.0111 
Table 2.11. Unpaired t-test for Resin. SEM = standard error of the mean, N = number 
of samples, df = degrees of freedom. 
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supplementary variables account for 32.00% of the variation. The remaining 64% of the 
variation among samples must be explained by factors unaccounted for in this study. The 
first four PCA axes account for 98.85% of the cumulative explained variation.  
Plotting Euclidean distance scores of samples and labelling them by their 
sedimentary environment allows us to determine if samples from the same environment 
are more similar to each other than those from other environments (Figure 2.7). The ovals 
around the plotted samples indicate where the majority of samples from each depositional 
environment plot. Results from this plot are less clear, which is why sample names and 
arrows have been removed. Three populations have been identified and are labelled. One 
subset is dominated by offshore samples, one by clinoform topset samples, and one by 
clinoform foreset samples, although it has more variable representation of other 
environments. Offshore samples (labelled by empty circles) appear to be less dissimilar 
to each other than to nearshore samples (triangles, crosses, and empty squares).  
Clinoform topset samples (crosses) generally plot closer to each other than to clinoform 
foreset (triangles) and bottomset (empty square samples). There are not enough bottomset 
samples to conclusively determine if these samples are more or less dissimilar from the 
other environmental groups.   
The dissimilarity between the samples processed by the consultant and the authors 
is also compared using PCA (Figure 2.8). Environmental variables are not included in 
this analysis, because the aim is to determine the differences between processing 
techniques. Samples plotting more closely together are less dissimilar, and those plotting 
farther apart are more dissimilar. Because only 29 nearshore samples are included in 
analysis and processing affects recovery, correlation among the palynomaceral categories 
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is different. PM1-2, PM3, and SOM are positively correlated with each other, and 
negatively correlated with PM4 and resin. Resin and PM4 are only weakly positively 
correlated. Results demonstrate processing clearly affects recovery, because reprocessed 
samples rarely plot near the same sample processed by the consultant. Reprocessed 
samples in general have higher counts of PM1-2 and PM4 with lower recovery of PM3, 
SOM, and resin. The total variation among the samples in this analysis is 100.05, and the 
first four PCA axes explain 99.56% of the cumulative variation (Table 2.6).  
T-tests indicate significant deviations from the null hypothesis for all 
palynomaceral categories except PM4 (p = 0.1326)  (Tables 2.7, 2.8, 2.9, 2.10, 2.11). In 
particular, the P value for PM1-2 is less than 0.0001 (0.01%), which is extremely 
significant. PM1-2 counts for reprocessed samples are much higher; the mean of PM1-2 
for reprocessed samples is 163.83 ± 22.31 compared to 124.34 ± 22.31 for the 
consultant’s samples. P values for PM3 (p = 0.0177), SOM (p = 0.0074), and resin (p = 
0.011) are also significant. It is unlikely that the difference between means for PM4 could 
be caused by chance alone, because all other palynomaceral categories show significant P 
values. These results demonstrate that the processing methodology influences 
palynomaceral recovery. 
Discussion 
Despite the bias introduced by the use of the two processing techniques, both sets 
of results show that the distribution of palynomacerals in sediments is indeed governed 
by key factors, but not as strongly as we expected. Water depth, distance from shore and 
shelf break, and sediment accumulation rate were predicted to account for the variation in 
palynomaceral assemblages among samples. Our results show that these variables explain 
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32% of the variation in assemblages (Table 2.5, Figure 2.6). Counts of PM1-2 and PM3 
increase with increasing sedimentation rate and shallower water depths. PM1-2 and PM3 
counts decrease with increasing distance from shore and shelf break. Because PM1-2 and 
PM3 are derived from vegetation, this results fits with the prediction that these categories 
will decrease with increasing distance from shore/shelf break and water depth. 
Sedimentation rates are much higher in near shore sites (Figures 2.2, 2.3) (Walsh et al., 
2004; Muhammad et al., 2008), which helps to explain why increases in PM1-2 and PM3 
are positively correlated with increasing sedimentation rates. These results fit with the 
observations of van der Zwan (1990), who also found increased PM1-2 and PM3 
recovery sites nearer to shore.  
Principal component analysis (PCA) results for resin are not as clear (Figure 2.6). 
Counts for this category are low (Table 2.4). Other authors have included resinous 
substances in PM1-2 and PM3 groups (Whitaker, 1984; Boulter and Riddick, 1986; van 
der Zwan, 1990). Resin was predicted to be higher in nearshore and shallow water 
settings, but PCA indicates it increases with increasing distance from shore and in deeper 
water. This would indicate resin is more robust or more buoyant and can be transported 
longer distances. The low recovery of resin could have skewed these results, so in future 
analyses, resin should be included within PM1-2, as it is terrestrially derived.   
Palynomaceral 4 (PM4) increases in abundance with increasing distance from 
shore/shelf break and water depth. Recovery of PM4 is higher in sites with lower 
sedimentation rates (Figure 2.6). Boulter and Riddick (1986), van der Zwan (1990), and 
Carvalho et al. (2006) note that this black debris is probably highly degraded plant tissue. 
The observation that PM4 increases in abundance with increasing distance from shore 
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and in deeper water depths indicates these fragments are more buoyant and can be 
transported longer distances, similar to findings by van der Zwan and van Veen (1978), 
Richelot and Streel (1985), and van der Zwan (1990).   
Structureless organic matter (SOM) is positively correlated with distance from 
shore and shelf break and negatively correlated with depth and sedimentation rate (Figure 
6). SOM is particularly abundant in offshore samples, especially where marine 
productivity is high as indicated by increased abundances of dinoflagellate cysts. The 
recovery of SOM is highest in depositional environments where energy of the 
environment is low and productivity is high (Tyson, 1993; Carvalho et al., 2006). Results 
from PCA (Figure 2.6) support the conclusion that most of the SOM identified in this 
study is derived in the marine realm from in situ production.  
The remainder of the variation (64%) in palynomaceral assemblages must be 
explained by other factors, which can include the proximity of vegetation to water, 
sediment source (Traverse, 2007), transportation processes and currents, productivity, 
bioturbation, and reworking (Tyson, 1995; Batten, 1996).  It is difficult to quantify these 
factors for statistical analysis. Palynomacerals can also be sorted based on their size, 
shape, and buoyancy (van der Zwan and van Veen, 1978; Richelot and Streel, 1985; van 
der Zwan, 1990), which cannot adequately be accounted for in the simple classification 
scheme proposed here.  Processing techniques also impacts the recovery of 
palynomacerals and must be carefully controlled (van der Zwan, 1990; Tyson, 1995; 
Batten, 1996; Oboh-Ikuenobe et al., 1998; Jaramillo and Oboh-Ikuenobe, 1999; Batten 
and Stead, 2005).  
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Samples from each sedimentary environment are more similar to each other than 
those from other sedimentary environments (Figure 2.7). Cluster analysis would more 
definitely reveal if certain palynomaceral assemblages are characteristic of each 
sedimentary environment. In general, clinoform samples possess higher counts of PM1-2 
and PM3, while offshore samples have higher abundances of PM4 and SOM. Future 
work would elucidate if a particular range of palynomaceral counts is indicative of each 
environment. 
Comparing the consultant’s processing methodology with the authors’ processing 
methodology yields statistically significant differences between the techniques (Figure 
2.8, Tables 2.7, 2.8, 2.9, 2.10, 2.11). All categories except PM4 show a statistically 
significant deviation from the null hypothesis. The means of PM1-2 and PM4 recovery is 
higher in reprocessed samples, while the means of PM3, SOM, and resin recovery is 
lower. It is odd that SOM recovery in the consultant’s slightly oxidized samples is higher, 
because SOM recovery is generally higher in un-oxidized, kerogen slides (van der Zwan, 
1990; Tyson, 1995; Batten, 1996; Oboh-Ikuenobe et al., 1998; Jaramillo and Oboh-
Ikuenobe, 1999). The authors’ use of Liquinox during processing (modified from 
O’Keefe and Eble, 2012) could have disaggregated SOM particles to sizes smaller than 
five microns, making them too small to count. Processing without a dispersant would 
likely increase recovery of SOM 
Results from comparing the two processing techniques illustrate differences in the 
palynomaceral content. van der Zwan (1990) also notes that slight oxidation provides for 
easier identification of palynomaceral particles, and we have found this to be true in our 
sample suite. Our reprocessed samples (without oxidation) were much harder to count, 
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especially with the presence of small amorphous material. Despite this, we agree with 
previous authors (e.g., Oboh-Ikuenobe et al., 1998; Jaramillo and Oboh-Ikuenobe, 1999) 
that analysing unoxidized kerogen slides provides the most unbiased approach to 
gathering the appropriate data to interpret palynomaceral fragments  in the palynological 
record. In future studies, analyses of this type should be reserved for kerogen slides, 
although as demonstrated here, the palynomaceral assemblage of oxidized slides partially 
reflect the influence of bathymetry, distance from shore and shelf break, and sediment 
accumulation rates. 
Conclusions 
Palynomaceral analysis can provide important insights into the modern 
sedimentary record. Understanding how these fragments behave in modern sediments is 
important in helping palynologists make interpretations about ancient depositional 
environments. When interpreting ancient sedimentary deposits, researchers must keep in 
mind that preservation and diagenesis can also impact palynomaceral recovery. Results 
from using the simple classification scheme of five categories (PM1-2, PM3, PM4, SOM, 
and resin) show relative abundances of these particles can aid in predicting bathymetry, 
distance from shore, and sediment accumulation rate. Although these seem to be the key 
factors governing distribution, they only account for 32% of the overall variability of 
palynomaceral assemblages. A multitude of other factors, such as productivity, source, 
reworking, and bacterial alteration, outside the scope of the analysis presented here, can 
also impact palynomaceral assemblages. Despite the inability of the environmental 
factors selected to adequately explain the total variation in palynomaceral assemblages, 
some important results have emerged from the analysis. PM1-2 and PM3 are more 
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common in sites nearer shore, in shallower water depths, and with higher sedimentation 
rates (Figure 2.6). PM4 is more buoyant and perhaps more resistant than PM1-2 and PM3, 
so it is more common in deeper offshore sites. SOM is higher in offshore sites that could 
have higher organic production. Future application of this simple five category 
classification scheme to fossil palynomaceral assemblages could give biostratigraphers an 
important tool for understanding changes in paleobathymetry and sediment accumulation 
rates in ancient sedimentary environments. 
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CHAPTER 3. DISTRIBUTION OF MODERN PALYNOMORPHS IN THE GULF OF 
PAPUA, PAPUA NEW GUINEA, AND THEIR RELATIONSHIP TO SEDIMENT 
SOURCE, TRANSPORT, AND DEPOSITION* 
Introduction 
 The Gulf of Papua (GoP), southeast of Papua New Guinea (PNG), is a foreland 
basin with one of the highest sediment discharge volumes in the world (Figure 3.1) 
(Milliman, 1995). Seven research campaigns in the GoP were conducted from 2003 to 
2005 in order to fully quantify how the GoP’s sedimentary system works, from the 
sediment’s creation at its “source” to its final deposition at its “sink” (NSF MARGINS 
Program, 2004). Hundreds of sediment cores were taken throughout the GoP, from the 
mouth of the Fly River (PNG’s largest river) to the continental slope and ocean basin 
during this initiative. While numerous studies have been published on the cores and data 
gathered during the cruises (e.g., Keen et al., 2006; Carson et al., 2008; Crockett et al., 
2008; Daniell, 2008; Francis et al., 2008; Muhammad et al., 2008; Ogston et al., 2008; 
Slingerland et al., 2008a; 2008b; Tcherepanov et al., 2008a; 2008b; Howell et al., 2014), 
a palynological study has yet to be done. Thomas et al. (2015) provided data on the non-
palynomorph component of the palynological record (organic particles, including 
black/brown wood, leaf cuticle, resin, and structureless organic matter). They showed 
that the distribution of these particles is, in part, governed by the same processes 
controlling sediment distribution, including bathymetry, sedimentation rate, and distance 
from shore. Rowe et al. (2013) published a study on a mangrove-dominated shoreline in 
Caution Bay near Port Moresby, PNG. However, neither of these studies documents the 
extant palynomorph composition of sediments in the GoP. The present study has two 
 
*This paper is in preparation for submission to the journal Marine Geology with the 
following coauthors: Sophie Warny, David M. Jarzen, Samuel J. Bentley, Sr., André W. 
Droxler, Charles A. Nittrouer, and Kehui Xu. It will be submitted by August 1, 2015. 
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major goals: 1) use the palynological record to enhance understanding of modern 
sedimentary dynamics in the GoP; and 2) relate the distribution of palynomorphs 
(particularly pollen, spore, and dinoflagellate cysts) to the distribution of the living 
vegetation or organism that produced them.  
Many researchers have shown how useful palynomorphs can be when interpreting 
sediment source, transport, and depositional environment (Muller, 1959; Stanley, 1965; 
Figure 3.1. Bathymetric map of the Gulf of Papua and topographic map of Papua New 
Guinea (digital elevation model (DEM) from Daniell, 2008). 
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Traverse and Ginsburg, 1966; Heusser and Balsam, 1977; Heusser, 1983; Melia, 1984; 
Moss et al., 2005). Pollen and spores are useful because they are transported as part of the 
silt to very fine sand size load of the sediment, so their distribution is controlled, to a 
large degree, by the same factors that control sediment distribution, including erosion 
rates, current speed and direction, and particle density and morphology (Hoffmeister, 
1954).  
Pollen and spores, which are produced by vegetation, are an excellent 
representation of the dominant vegetation components living on land (Traverse, 2007). 
Numerous studies of the Quaternary flora of PNG have been published (e.g., Flenley, 
1969; Flenley, 1972; Paijmans, 1975; Flenley, 1979; Walker and Flenley, 1979; Conn, 
1995; Henty, 1995; Womersley, 1995). Here, we analyzed the recovered pollen and 
spores found in GoP sediments to compare this record with modern vegetation 
distribution (including mangroves, tropical rainforest, montane forests, swamps, and 
scrub/savanna/grassland) on the mainland to better understand the relationship between 
them.  
Dinoflagellate cysts and other marine indicators, including foraminifer linings, 
copepod eggs, tintinnids, and acritarchs, will be analyzed to allow a better understanding 
of oceanographic conditions, including temperature, salinity, and primary productivity. 
Numerous researchers have demonstrated that dinoflagellate cyst distribution is related to 
oceanographic conditions (e.g., Traverse and Ginsburg, 1966; Melia, 1984; de Vernal et 
al., 1993; Hodgkiss and Ho, 1997; Marret and de Vernal, 1997; Warny and Wrenn, 1997; 
Warny and Wrenn, 2002; Marret and Zonneveld, 2003; Warny et al., 2003; Azanza et al., 
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2004; de Vernal et al., 2005; Esper and Zonneveld, 2007; Bouimetarhan et al., 2009; 
Limoges et al., 2010).  
Area of study 
 The GoP is southeast of PNG just south of the equator (7-11°S, 142-146°E, area 
of 1.5 x 10
11
 m
2
) (Figure 3.1). The majority of material entering the GoP is sourced from 
mainland PNG and its surrounding islands (2-10°S, 140-154°E, area of 4.6 x 1011 m2). 
The GoP has a depth range of zero to 3000 meters below sea level (mbsl). Mainland PNG 
has large topographic variations, from the coast at zero meters above sea level (masl) to 
4509 masl (Daniell, 2008). The wet tropical setting results in near-constant warm 
temperatures and large rainfall volumes (Wolanski et al., 1995). The annual load of 
sediment delivered to the GoP from PNG (3.84 x 10
8 
tons/yr, Milliman, 1995; Wolanski 
et al., 1995) is roughly equivalent to that delivered by all the rivers of North America, so 
the GoP is a particularly interesting area for studying how sediments are delivered to the 
ocean (Milliman, 1995). The sources of these sediments are several large rivers (Figure 
3.1) including the Fly, Bamu, Kikori, Purari, Vailala, and Lakekamu Rivers that drain the 
mainland (Milliman, 1995; Wolanski et al., 1995). Sediments are delivered to a large, 
predominantly clastic shelf with an area of approximately 40,000 km
2
 in the western gulf, 
while in the northeastern gulf where the continental shelf is very narrow (less than 10 
km), sediments are delivered to the continental slope via channels (Milliman, 1995; 
Francis et al., 2008).  
Climate and oceanography 
 Oceanographic conditions in the GoP have been extensively studied in recent 
years (e.g., Thom and Wright, 1983; Wolanski et al., 1984; Brunskill et al., 1995; 
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Wolanski and Alongi, 1995; Wolanski et al., 1995; Wolanski et al., 1999; Keen et al., 
2006; Martin et al., 2008). Tidal influences are particularly important in the GoP because 
of its tropical setting, low seasonality, and small influence from cyclonic storms 
(McAlpine and Keig, 1983; Martin et al., 2008). In addition to tides, seasonal wind 
changes (austral summer monsoons and winter trade winds) play an important role in the 
GoP’s oceanography (Thom and Wright, 1983; McAlpine and Keig, 1983; Walsh et al. 
2004). Other factors include the Coral Sea Current (CSC) (Wolanski and Eagle, 1991; 
Brunskill et al., 1995, Wolanski and Alongi, 1995; Wolanski et al., 1995; Walsh et al., 
2004) and the El Niño Southern Oscillation (ENSO) (Rodbell et al., 1999; Kawahata and 
Gupta, 2004; Ogston et al., 2008).   
The largest river entering the GoP is the Fly River, and its impacts to GoP 
oceanography apply to the other smaller rivers (Bamu, Kikori, Purari, Vailala, and 
Lakekamu Rivers). The Fly River delta is mesotidal in nature, with an average range of 
two to four meters. Tidal variations produce interlaminated mud and sand deposits that 
vary on spring-neap timescales (Martin et al., 2008). The river’s delta is funnel-shaped 
(as is characteristic of most tide-dominated deltas), and it has three major distributaries, 
the southernmost of which carries the most sediment (Dalrymple et al., 2003).  
Two major wind regimes exist in the GoP. A summer monsoon occurs from 
December to March, and during this time, winds blow from the northwest. This season is 
relatively calm with average wave heights of approximately 0.3 meters. A winter trade 
winds period occurs from May to October, and during this time, winds blow from the 
southeast. This season is less calm with rougher seas and an average wave height of 1.3 
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meters. There are transitional periods with lower wind velocities during the intervening 
months (Thom and Wright, 1983; McAlpine and Keig, 1983; Walsh et al. 2004).  
The CSC transports most sediments and dissolved material to the northeast on the 
western GoP shelf (Wolanski and Eagle, 1991; Brunskill et al., 1995; Wolanski and 
Alongi, 1995; Wolanski et al., 1995; Walsh et al., 2004). Sediments here are retained on 
the continental shelf and rarely escape to the slope. This transport is more complex in the 
northern and eastern GoP where the CSC breaks down, especially between the Purari 
River and Port Moresby (Keen et al., 2006). In this area, current measurements indicate 
that instead of being transported to the northeast, sediments are transported to the south 
from the shelf to the adjacent continental slope (MacFarlane, 1980; Wolanski et al., 1988; 
Wolanski and Eagle, 1991; Brunskill et al., 1995; Walsh et al., 2004; Keen et al., 2006; 
Martin et al., 2008). Sediments are preserved on the slope in several troughs and canyons 
(Ewing et al., 1970; Gardner, 1970; Winterer, 1970; Brunskill et al. 1995; Muhammad et 
al., 2008).  
 The El Niño Southern Oscillation (ENSO) plays an important role in GoP 
oceanography on yearly timescales (Rodbell et al., 1999; Kawahata and Gupta, 2004; 
Ogston et al., 2008). During ENSO conditions, less rainfall than average occurs, reducing 
the amount of discharge and sediment to the GoP. This results in less sediment 
accumulation on the GoP shelf during ENSO years (Ogston et al., 2008). It also increases 
salinity, by limiting the influx of freshwater. During La Niña years, more rainfall than 
average occurs, increasing discharge and sediment input to the GoP, as well as decreasing 
salinity (Ogston et al., 2008; Howell et al., 2014).  
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Regional geology 
 An overview of the regional geology of PNG and the GoP is key to understanding 
the sedimentary dynamics of the GoP and provide information needed to evaluate the 
source of pre-Quaternary species that could be found in palynological preparations. Both 
the geology of PNG and the sedimentary processes operating in the GoP are exceedingly 
complex due to the modern day tectonic processes operating in the area, including 
collision of rifted Australian crust with multiple terranes in the Cenozoic and the 
subsequent development of the GoP foreland basin (Pigram and Davies, 1987; Pigram et 
al., 1989; Abbott, 1995; Davies, 2012). Mainland PNG is composed of four tectonic 
provinces, including the Fly Platform, the Papuan Fold Belt, the New Guinea 
Highlands/Papuan Peninsula, and a northern series of sutured volcanic arcs (Abbot, 1995) 
(Figure 3.2). The Fly Platform is underlain by Australian continental crust and is covered 
with Quaternary sediments derived from multiple rivers feeding the GoP. The Papuan 
Fold Belt, an active fold and thrust belt lying to the northeast of the Fly Platform, consists 
primarily of deformed, uplifted Mesozoic and Neogene rocks (Abbott, 1995). The rocks 
composing the New Guinea Highlands and Papuan Peninsula are older, up to Late 
Paleozoic in age, and extremely deformed. A series of volcanic arcs are sutured to the 
mainland in the northeast during collision in the Neogene, but differentiating among them 
is unecessary for this paper, as sediments sourced from these rocks are unlikely to enter 
the GoP, due to the drainage divide of the PNG Highlands (Pigram et al., 1989; Abbott, 
1995; Steinshouer et al., 1999).  
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Sedimentology in the Gulf of Papua 
 Many authors have studied the modern sedimentation regime in the GoP (e.g., 
Harris et al., 1993; Harris, 1994; Milliman, 1995; Wolanski and Alongi, 1995; Dalrymple 
et al., 2003; Walsh et al., 2004; Keen et al., 2006; Francis et al., 2008; Martin et al., 2008; 
Muhammad et al., 2008; Ogston et al., 2008; Slingerland et al., 2008a; 2008b). They 
established that the multiple factors discussed above play a role in determining the 
Figure 3.2. Geologic map of Papua New Guinea from Steinshouer et al. (1999).  
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variability of sedimentary processes there, including topography and climate, tidal 
variations, seasonal wind patterns, and the El Niño Southern Oscillation (ENSO).  
The GoP is classified as a mixed siliciclastic-carbonate depositional system 
(Francis et al., 2008; Tcherepanov et al., 2008a), which means that both carbonate and 
siliciclastic sediments are delivered to the basin. A large Quaternary clinoform composed 
primarily of siliclastic sediments sourced from multiple rivers characterizes the inner 
shelf (which is greater than 100 km wide) of the western GoP (Figure 3.1) (Harris et al., 
1993; Walsh et al., 2004; Slingerland et al., 2008a). Between the clinoform and the shelf 
break, few sediments accumulate at present, because the clinoform has not yet prograded 
over the marine transgressive surface created during the latest sea level rise (Harris et al., 
1996; Crockett et al., 2008; Francis et al., 2008). The northern and eastern gulf has a 
much narrower shelf (less than 10 km) where siliciclastic deposits are delivered directly 
to the slope (Brunskill et al., 1995; Muhammad et al., 2008; Howell et al., 2014). Past the 
shelf break, most siliclastic accumulation consists of hemipelagic muds (Muhammad et 
al., 2008) or submarine fans in Ashmore, Pandora, and Moresby Troughs (Figure 3.1). 
The only area where carbonate accumulation outpaces siliciclastic sediment supply is in 
the southwestern gulf near the Great Barrier Reef (Francis et al., 2008; Tcherepanov et al. 
2008b), although greater carbonate delivery occurred in the early Holocene (Jorry et al., 
2008).  
Sediment delivery to the western inner shelf: Clinoform deposits 
 Harris et al. (1993) estimate that up to 40% of the sediment load delivered to the 
GoP is contained within the clinoform (0.85 x 10
8
 tons per annum). Walsh et al. (2004) 
performed an extensive study of the GoP clinoform, which consists of three major 
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regions, topset, foreset, and bottomset beds (Figure 3.1). Topset beds are characterized by 
interbedded sands and muds up to 20 meters below sea level. Sediment accumulation 
rates (SARs) for topset beds are approximately 0.7 cm/yr. Foreset beds are more steeply 
dipping muddy beds between 20 to 60 mbsl. SARs for foreset beds are much higher, 
between 1.5 to 4.0 cm/yr. Bottomset beds are also muddy with a carbonate-sand 
component and are deeper than 60 mbsl. SARs are less than 0.4 cm/yr for bottomset beds 
(Wolanski and Alongi, 1995; Walsh et al., 2004; Slingerland et al., 2008a; 2008b). SAR 
rates on the clinoform are generally higher during calmer NW-monsoon conditions, and 
event beds accumulate on the foreset (5-10 cm thick) during the SE-trade wind season on 
nearly annual timescales (Walsh et al., 2004). Sediments of the clinoform are sourced 
from the Fly Platform (covered with Quaternary floodplain deposits) and the Papuan Fold 
Belt (Mesozoic and Neogene rocks). Sediments sourced from the PNG Highlands are rare 
(Davies, 2012).  Eagle and Higgins (1990) have noted that mining for gold and copper at 
the Ok Tedi Mine (near the head of the Ok Tedi River) has increased sediment discharge 
from the Fly River to the GoP by 40% (although this has not changed clinoform 
morphology).  
Sediment delivery to the continental slope 
 Several minibasins, including Ashmore, Pandora, Bligh, and Moresby Trough, are 
the final accumulation sites for sediments in the GoP (Figure 3.1) (Febo, 2007). During 
periods of high sea level, like at present, few sediments accumulate in these troughs, 
because sedimentation rates are lower (less than 0.2 cm/yr) (Muhammad et al., 2008). 
When sea level is low, as during the Last Glacial Maximum, rivers can flush out 
sediment stored on the continental shelf in clinoforms, and these sediments are delivered 
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directly to the troughs (Harris et al., 1996; Febo, 2007; Carson et al., 2008; Crockett et al., 
2008; Muhammad et al., 2008). Two major canyons in the GoP, Moresby and Bligh 
Canyons, act as conduits that can transport large sediment volumes. The composition of 
siliclastic material entering the troughs reflects sourcing from the Papuan Highlands 
(Vailala and Lakekamu watersheds) with higher concentrations of igneous and 
metamorphic minerals compared to clinoform sediments (Davies, 2012). The Eastern 
Plateau, in the far southeast of the GoP, accumulates only hemipelagic and pelagic 
sediments (Francis et al., 2008).  
Modern vegetation distribution 
 The Quaternary vegetation history of PNG reveals changes in climate and human 
occupation. We can understand changes in vegetation distribution by examining the 
pollen and spore record. This history has been investigated by numerous authors using a 
combination of palynological, botanical, archaeological, and ecological approaches 
(Flenley, 1969; 1972; 1979; Walker and Flenley, 1979; Conn, 1995; Henty, 1995; 
Womersley, 1995; Haberle et al., 2001; Haberle and Ledru, 2001; McAlpine and Freyne, 
2001; Denham et al., 2003; Haberle, 2003; Fairbairn et al., 2006; Haberle, 2007; Denham 
et al., 2009; Haberle et al., 2012; Torrence, 2012; Rowe et al., 2013). 
 Paijmans (1975) provides an excellent synthesis of the modern vegetation 
distribution on PNG (Figure 3.3 is a simplified version). The major groups include: 
mangroves, lowland tropical rainforest, swamps, lower montane forest, upper montane 
forest, scrub/savanna/grassland, and garden (grouped with scrub/savanna/grassland for 
palynological analyses). The highly variable topography of Papua New Guinea leads to a  
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strong altitudinal distribution of vegetation (Figure 3.4) (van Steenis, 1934-36; Brass, 
1941, 1964; Paijmans, 1975; Flenley, 1979; Walker and Flenley, 1979). In particular, 
montane forest taxa occupies elevations above approximately 1500 meters, while 
rainforest taxa live between 0 to 1500 meters above sea level. Scrub and grassland taxa 
can be found at all altitudes. 
Figure 3.3. Vegetation map of Papua New Guinea, modified from Paijmans (1975). 
Basemap from ESRI (2015). 
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How sedimentation impacts palynomorph distribution 
 Many factors govern the transport and deposition of pollen and spores, including 
their size; density; the number of grains produced by the parent plant; the velocity and 
viscosity of the water transporting the palynomorphs; turbidity; and regional current 
Figure 3.4. Generalized altitudinal distribution of Papua New Guinea vegetation, 
modified from Flenley (1979), data synthesized from van Steenis (1934-1936), Brass 
(1941, 1964), Paijmans (1975), Flenley (1979), and Walker and Flenley (1979). 
Characteristic pollen from each of the major vegetation groups and corresponding site in 
the GoP where they were found, a) Nothofagus spp., A8.5; b) Podocarpaceae, 49JPC; c) 
Chenopodiaceae, 02BC; d) Gramineae, A8.5; e) Rubiaceae, A8.5; f) Tiliaceae, A8.5; g) 
Carya spp., EE5; h) Sonneratia spp., A8.5; i) Rhizophoraceae, T13-20C; j) Arecaceae, 
C2-A11. 
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directions (Traverse, 2007). The production of marine palynomorphs, especially 
dinoflagellate cysts and acritarchs, is governed by many other factors in addition to the 
ones listed above, including temperature, salinity, and primary productivity (Batten, 
1996). Pollen and spores are transported as part of the silt to very fine sand portion (4 to 
125 microns) of the sediment and range in size from approximately 5 microns to greater 
than 100 microns. The settling rate of pollen and spores can be calculated using Stoke’s 
law (Blatt et al., 1972), and researchers have shown that pollen and spores sink slightly 
more slowly than sediment grains (Muller, 1959; Stanley, 1965). Measured rates from 
Muller (1959) indicate palynomorphs sink on the order of 4-17 cm/hr.  
Wind transport has been shown to have less impact on pollen and spore 
assemblages than transport by water, except for very small or bisaccate grains, because 
they usually reach the ground within close vicinity to the parent plant (Muller, 1959; 
Tauber, 1965; Peck, 1973; Mandrioli et al., 1982; Tsukada, 1982; Knapp et al., 2001; 
Lange et al., 2002). Hoffmeister (1954) demonstrated that the processes governing the 
distribution of pollen and spores are approximately the same as those governing 
sediments. More recent works (e.g., Muller, 1959; Heusser and Balsam, 1977; Heusser, 
1983; Moss et al., 2005) have indicated transport of palynomorphs is slightly more 
complex than for sediments for several reasons. Palynomorphs are often found in the 
highest concentrations in quiet water areas with little turbulence, because they fall out of 
suspension as transport energy decreases. Certain palynomorph morphologies, especially 
bisaccate pollen, may be transported longer distances, because they have sacs containing 
trapped air, which increases their buoyancy (Muller, 1959; Traverse and Ginsburg, 1966; 
Traverse, 2007). 
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Certain plant groups produce vast abundances of pollen, while others produce 
very little pollen (Pohl, 1937a; 1937b; Wijmstra, 1978; Birks and Birks, 1980; Traverse, 
2007). This, to a large degree, is determined by whether the parent vegetation is wind-
pollinated (anemophilous) or animal-pollinated (zoophilous). Anemophilous vegetation, 
like most gymnosperms that produce bisaccate pollen, many tree species, as well as spore 
plants, produce huge numbers of pollen per cone, flower, or frond (close to 1.5 million 
pollen grains from a single cone; Pohl, 1937a; 1937b). Pollen from anemophilous 
vegetation generally dominates the pollen record. Zoophilous vegetation, like the 
Orchidaceae and most members of the Malvaceae, produce much lower numbers of 
pollen grains and thus have less representation in the pollen record (Traverse, 2007).  
Materials and Methods 
Sampling 
Samples were collected on the R/V Melville (MV) and R/V Western Venturer 
(WV) ships during seven cruises (MV0104, MV0404, MV0803, MV24-0403, MV25-
0403, MV26-0403, and WV0103) in the GoP from 2003 through 2005 (Figure 3.1). 
Several coring methodologies were utilized, including box cores (BC), jumbo piston 
cores (JPC), multi cores (MC), grab cores (GC), and kasten cores (KC). Some coring 
techniques, such as box coring and grab coring, can impact the top few centimeters of 
sediment recovered, but because the samples are averages from the top four centimeters 
of sedimentary cover, we believe the impact of different coring methodologies was 
minimal. Muhammad et al. (2008) indicate that in offshore sites with the lowest 
sedimentation rates (0.05 cm/yr), all sediments from the top five centimeters have been 
deposited within the last hundred years. Nearshore samples have accumulated much more 
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rapidly, and sample intervals reflect a smaller time interval of the past few years of 
deposition (Wolanski and Alongi, 1995; Walsh et al., 2004; Slingerland et al., 2008a). 
For our purpose, we have selected samples averaged from the top 0 to 4 cm of 
sedimentary cover, because we believe this interval effectively presents the Recent 
(within the last hundred years) geographic distribution of palynomorphs.  
There are two subsets of samples within this study: 1) nearshore samples that 
have accumulated on the clinoform, and 2) offshore samples from the continental slope, 
rise, and abyssal plain (Figure 3.1, Table 3.1). Offshore samples are archived in the 
Department of Geology and Geophysics at Louisiana State University in Baton Rouge, 
LA, U.S.A., and nearshore samples are archived in the Department of Earth and Space 
Sciences at the University of Washington in Seattle, Washington, U.S.A. A large gap in 
sampling exists on the outer shelf which is the marine transgressive surface formed 
during the latest sea level rise (Harris et al., 1996; Crockett et al., 2008; Francis et al., 
2008).  
Processing 
An external consultant processed the samples according to the procedures as 
outlined in Traverse (2007). Samples were “spiked” before processing with one or two 
Lycopodium clavatum tablets (batch #124961 and #1031). 10% HCl and 70% HF were 
used to dissolve carbonates and silicates. Samples were sieved at 10 μm, with the less 
than 10 μm fraction retained to make sure Rhizophoraceae pollen was not lost (e.g., 
Scourse et al., 2005). Organic material was separated from the remaining inorganic 
material with heavy liquid separation using ZnBr2. Controlled oxidation with Schulze’s 
reagent (a mixture of potassium chlorate and nitric acid) was performed for 30 seconds
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Sample Latitude Longitude 
Weigh
t (g) 
Core 
Type 
Interval 
(cm) 
Depth 
(m) 
Dist. From 
Shore 
(km) 
Dist. From 
Slope Break 
(km) 
Sed. Rate 
(cm/yr) 
02BC -10.3092 144.1632 32.4 BC 0-4 -661 164 21.5 --- 
07TC -10.4400 144.2050 20.1 JPC 0-4 -779 175 26.5 --- 
10MC -9.8742 144.4812 28.9 MC 0-4 -584 148 10 0.05 
12MC -9.8120 144.4620 35.4 MC 0-4 -372 142 2.4 0.09 
14MC -9.9073 144.6608 34.6 MC 0-4 -760 166 18.5 0.23 
16MC -9.7443 144.7443 39.9 MC 0-4 -686 164 2.4 0.05 
18MC -8.5109 145.5134 13.9 MC 0-4 -262 61 2.9 0.26 
20MC -9.2948 145.0185 34.3 MC 0-4 -661 162.5 5.6 0.12 
21MC -9.3648 145.0570 26.3 MC 0-4 -1009 165 15 0.05 
22TC -9.7731 146.4712 3.6 JPC 0-2 -2063 73 55 --- 
24MC -9.7890 146.2478 16.6 MC 0-4 -2102 92 75 0.14 
26MC -10.0090 146.3785 17.7 MC 0-4 -2232 97 80 0.07 
30MC -9.6667 146.1667 17.9 MC 0-4 -2023 87 69 0.10 
32MC -9.5520 145.3532 27.6 MC 0-4 -1620 150 52 0.05 
38MC -9.0083 145.3450 22.2 MC 0-4 -977 120 17 0.10 
39MC -8.6053 145.6060 12.2 MC 0-4 -690 68 13.5 0.13 
42MC -8.3698 145.8367 12.8 MC 0-4 -91 35.5 -3.2 0.35 
43MC -8.9120 146.4023 21.7 MC 0-4 -62 15.5 -1.9 0.34 
44MC -8.6072 146.1918 10.8 MC 0-4 -99 17.5 -2.5 0.28 
Table 3.1. Information for 67 Gulf of Papua samples. Latitude and longitude are in decimal degrees. Dried sample weight is in 
grams (g). Core types include BC (box cores), JPC (jumbo piston cores), MC (multi cores), GC (grab cores), KC (kasten cores). 
Sampled intervals are in centimeters (cm). The following parameters were included in statistical analysis: water depth (meters, m) 
measured when the samples were taken; distance from shore (kilometers, km) measured as the nearest straight line distance; 
distance from slope break (kilometers, km; negative values are on the continental shelf) measured as the nearest straight line 
distance; and sedimentation rate (centimeters per year). Offshore sample sedimentation rates are from Muhammad et al. (2008), 
and nearshore sample sedimentation rates are estimated from Walsh et al. (2004). 
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Sample Latitude Longitude 
Weigh
t (g) 
Core 
Type 
Interval 
(cm) 
Depth 
(m) 
Dist. From 
Shore 
(km) 
Dist. From 
Slope Break 
(km) 
Sed. Rate 
(cm/yr) 
47MC -8.4347 145.8337 5.8 MC 0-4 -399 40 9 0.28 
49JPC -8.5845 145.8333 3.7 JPC 0-2 -859 51 23.5 --- 
50MC -8.5933 146.0457 11.9 MC 0-4 -795 30 10 0.13 
53MC -8.7288 145.9358 15 MC 0-4 -1111 48 25 0.21 
56MC -8.9392 145.2343 22.6 MC 0-4 -450 112 2.5 0.08 
59MC -9.3882 144.9162 11.7 MC 0-4 -577 160 3.5 --- 
60MC -9.2423 145.8103 21.7 MC 0-4 -1674 88 70 0.07 
61JPC -8.9998 145.9667 10 JPC 0-2 -1616 64 42 --- 
67MC -9.5822 144.9048 17.8 MC 0-4 -1638 195 22.5 0.05 
69MC -9.9845 144.8745 17.6 MC 0-4 -1758 39.5 -47 0.12 
72MC -10.2543 144.6890 31.5 MC 0-4 -1320 195 57 0.07 
76MC -10.4432 144.8629 21.4 MC 0-4 -1551 225 72 0.07 
A8.5 -8.3619 143.2864 19.4 GC 0-4 -12 1.3 -195 --- 
C2-8 -8.5743 143.9577 20 KC 0-4 -18 15.5 -130 0.70 
C2-A11 -8.6559 143.9938 19.7 GC 0-4 -25 23.5 -121 1.50 
CC5 -8.1796 143.9417 19.8 KC 0-4 -7 16.5 -160 0.70 
CC7 -8.2753 144.0579 19.6 KC 0-4 -5 33 -136 0.70 
D2 -8.8133 143.7658 19.6 KC 0-4 -15.9 19 -126 0.70 
D6 -8.7200 143.7019 19.5 KC 0-4 -26 7.6 -145 1.50 
EE5 -8.1166 144.0822 19.8 KC 0-4 -4 21.5 -150 0.70 
EE7 -8.1752 144.1726 20.4 KC 0-4 -8 34 -145 0.70 
EE9 -8.2145 144.2385 19.7 KC 0-4 -12 42 -128 0.70 
G2 -9.0685 143.4930 20.6 KC 0-4 -6 6.6 -120 0.70 
G3 -9.0521 143.4851 19.6 KC 0-2 -5 5.3 -121 0.70 
G5 -9.0315 143.4870 20.5 KC 0-4 -6 4.9 -123 0.70 
(Table 3.1 continued) 
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Sample Latitude Longitude 
Weigh
t (g) 
Core 
Type 
Interval 
(cm) 
Depth 
(m) 
Dist. From 
Shore 
(km) 
Dist. From 
Slope Break 
(km) 
Sed. Rate 
(cm/yr) 
T10-20 -8.5700 144.1650 19.1 KC 0-4 -15 22.5 -105 0.70 
T10-60 -8.8100 144.4100 21.4 KC 0-4 -26.1 35 -94 1.50 
T11-20 -8.5000 144.2200 20.1 BC 0-4 -20.8 37 -112 1.50 
T1-20 -9.1208 143.6250 19.4 BC 0-4 -62.1 72 -75 0.40 
T12-20 -8.4000 144.2333 21.2 BC 0-4 -20.7 43 -115 1.50 
T1-25 -9.2000 143.7080 20.4 BC 0-4 -19.1 45 -119 0.70 
T13-20C -8.3300 144.2900 20.2 KC 0-4 -29 55 -117 1.50 
T13-30C -8.3500 144.3100 20.5 BC 0-4 -37 56 -114 2.50 
T2-30 -9.1333 143.7750 19 BC 0-2 -23.9 38.5 -94 1.50 
T3-20KC -9.0000 143.7550 18 BC 4-6 -20.2 33.5 -109 1.50 
T3-30 -9.0500 143.8083 21.5 BC 0-4 -28.2 39.5 -100 1.50 
T4-30 -8.9900 143.8575 20 BC 0-4 -28.8 44.5 -105 1.50 
T4-50 -9.0900 143.9600 19.2 BC 0-4 -47.4 56.5 -90 0.70 
T5-20 -8.8950 143.8950 19.4 BC 0-4 -23.2 36 -116 1.50 
T6-20 -8.8375 143.9500 19.4 KC 0-4 -19.3 36 -117 0.70 
T6-30 -8.8620 143.9770 19.5 KC 0-4 -30.8 39.5 -102 2.50 
T7-20 -8.7800 144.0125 19.7 KC 0-4 -21.8 34.5 -105 1.50 
T7-30 -8.8050 144.0363 19.5 KC 0-4 -33.2 38 -100 2.50 
T8-20B -8.6500 143.9833 22 KC 0-4 -21.3 21.5 -118 1.50 
T8-30 -8.7450 144.0800 20.5 KC 0-2 -34.9 36.5 -108 2.50 
T8-50 -8.7875 144.1200 11.7 KC 4-5 -67.5 43.5 -95 0.40 
T8-60 -8.8525 144.1900 19.7 KC 0-4 -80 54 -86 0.40 
T9-30 -8.7000 144.1800 19.8 KC 0-4 -34.8 43.5 -95 2.50 
(Table 3.1 continued) 
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allow for easier identification of palynomorphs. Residues of both size fractions (>10 μm 
and <10 μM) were mounted on glass slides with clear casting resin.   
Nearshore samples, in particular, show high recovery of reworked specimens, so 
we believe the use of an oxidant for this sample set, although it is modern, was viable. 
Strong oxidants, like Schulze’s reagent, however, are known to damage fragile 
palynomorphs, such as dinoflagellate cysts and several angiosperm pollen types, 
especially in modern sediments (Harland, 1981; Harland, 1983; Schrank, 1988). To 
ensure that dinoflagellate cysts were not affected, samples were processed without 
controlled oxidation in LSU’s CENEX (Center for Excellence in Palynology) laboratory 
according to a modification of O’Keefe and Eble’s (2012) technique. The authors 
differed from O’Keefe and Eble (2012) in that potassium hydroxide (KOH) was not used.  
Microscopy 
A minimum of 300 palynomorphs were counted per sample on the >10 μm slides 
using transmitted light on an Olympus BX43 microscope at 600x magnification (Table 
3.2) (Traverse, 2007). The <10 μm fraction slides were scanned to make sure no 
additional species were missed (e.g., Scourse et al., 2005), but these slides were not 
included in the count because very few pollen and no additional species were found after 
a routine scan. We do not believe the use of a 10 μm sieve biased mangrove pollen 
recovery in this study. Lycopodium spore counts were also tabulated while counting to 
allow for concentration calculations (Table 3.3) (e.g., Stockmarr, 1971; Traverse, 2007; 
Lignum et al., 2008) according to the following equation: 
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Sample Lycopodium  
Reworked 
specimens 
Pollen Spores 
Fungal 
Spores 
Dinoflag-
ellate 
Cysts 
Acritarchs Tintinnids 
Copepod 
Eggs 
Foraminifer 
Linings 
02BC 187 63 27 47 16 56 72 0 0 8 
07TC 131 21 15 22 30 109 149 2 0 2 
10MC 168 31 20 70 9 61 106 0 1 1 
12MC 249 70 22 34 25 54 110 2 0 2 
14MC 6 43 21 155 6 12 34 0 0 0 
16MC 426 76 51 119 5 8 31 0 0 0 
18MC 5 19 70 175 4 1 6 0 0 0 
20MC 35 148 11 98 6 8 15 0 0 1 
21MC 5 139 12 112 4 1 13 0 0 0 
22TC 32 9 25 182 4 17 49 0 0 0 
24MC 10 12 16 249 5 6 7 0 0 0 
26MC 16 17 11 219 6 9 18 0 0 0 
30MC 7 22 15 210 4 17 16 0 0 0 
32MC 6 33 21 201 8 12 17 0 0 0 
38MC 1 54 20 153 4 12 16 0 0 0 
39MC 2 34 18 242 1 1 2 0 0 1 
42MC 164 30 45 161 5 6 13 0 0 0 
43MC 206 0 60 171 0 0 17 0 0 0 
44MC 579 11 44 156 7 9 30 0 0 0 
47MC 320 37 27 135 4 11 43 0 0 1 
49JPC 69 40 32 214 2 4 6 0 0 0 
50MC 452 11 42 157 14 10 13 0 0 0 
53MC 66 14 28 216 3 1 19 0 0 0 
56MC 3 124 59 51 2 0 8 0 0 0 
Table 3.2. Raw counts for 67 Gulf of Papua samples. 
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Sample Lycopodium  
Reworked 
specimens 
Pollen Spores 
Fungal 
Spores 
Dinoflag-
ellate 
Cysts 
Acritarchs Tintinnids 
Copepod 
Eggs 
Foraminifer 
Linings 
59MC 6 184 14 78 0 9 2 0 0 0 
60MC 5 31 26 222 5 2 5 0 0 0 
61JPC 30 17 34 210 7 15 9 0 0 0 
67MC 4 61 16 189 5 1 5 0 0 1 
69MC 2 38 19 226 3 10 2 0 1 1 
72MC 4 66 31 178 2 2 3 0 3 0 
76MC 7 44 36 194 2 7 5 0 0 0 
A8.5 40 121 65 72 0 0 3 0 0 1 
C2-8 37 161 62 107 2 0 1 0 0 0 
C2-A11 37 158 54 141 2 0 0 0 0 1 
CC5 34 83 43 157 2 0 6 0 0 0 
CC7 47 128 49 112 0 0 4 0 0 1 
D2 37 201 52 73 1 1 0 0 0 1 
D6 78 171 41 73 2 0 1 0 0 0 
EE5 18 155 44 90 1 0 0 0 0 0 
EE7 36 196 53 62 0 2 0 0 0 0 
EE9 24 281 25 34 0 0 0 0 0 0 
G2 18 191 50 66 2 0 0 0 0 0 
G3 36 227 23 49 0 0 0 0 0 0 
G5 55 281 28 38 0 0 0 1 0 0 
T10-20 26 125 104 119 0 4 1 0 0 0 
T10-60 53 170 35 120 0 0 0 0 0 0 
T11-20 25 181 48 79 0 2 2 0 0 0 
T1-20 181 263 27 21 1 1 0 0 0 0 
T12-20 77 243 23 36 0 0 1 0 0 0 
(Table 3.2 continued) 
 113 
Sample Lycopodium  
Reworked 
specimens 
Pollen Spores 
Fungal 
Spores 
Dinoflag-
ellate 
Cysts 
Acritarchs Tintinnids 
Copepod 
Eggs 
Foraminifer 
Linings 
T1-25 382 210 46 49 2 2 0 0 0 0 
T13-20C 54 160 44 105 0 0 1 0 0 0 
T13-30C 45 234 41 87 0 0 0 0 0 0 
T2-30 100 251 15 23 0 1 6 0 0 0 
T3-20KC 32 215 14 60 0 0 0 0 0 0 
T3-30 53 145 50 84 2 2 4 0 0 0 
T4-30 108 169 39 114 2 0 0 1 0 0 
T4-50 45 156 40 63 0 0 1 0 0 0 
T5-20 51 220 33 75 0 0 0 0 0 0 
T6-20 26 240 17 48 0 2 1 0 1 1 
T6-30 83 271 27 45 0 1 3 0 0 0 
T7-20 91 262 19 29 0 0 0 0 0 0 
T7-30 56 227 19 47 0 1 1 0 2 2 
T8-20B 42 141 47 105 1 0 0 0 0 1 
T8-30 44 164 35 76 2 0 0 0 0 0 
T8-50 98 189 24 118 1 2 0 1 0 1 
T8-60 27 173 26 98 3 0 0 0 0 0 
T9-30 47 117 66 127 1 1 1 0 0 0 
 
(Table 3.2 continued) 
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Sample 
Reworked Abundance 
(specimens/g 
sediment) 
Terrestrial Abundance 
(specimens/g 
sediment) 
Marine Indicator 
Abundance 
(specimens/g sediment) 
02BC 261 306 563 
07TC 200 352 2496 
10MC 160 465 873 
12MC 199 159 478 
14MC 5196 21266 5558 
16MC 112 251 59 
18MC 6857 88426 2526 
20MC 3092 2278 501 
21MC 26515 23653 2861 
22TC 1960 45073 14371 
24MC 1813 40044 1964 
26MC 1506 20372 2569 
30MC 4404 45043 6807 
32MC 4999 33627 4393 
38MC 61015 195474 31637 
39MC 34953 267289 5140 
42MC 358 2462 239 
43MC 0 1296 112 
44MC 44 802 156 
47MC 500 2189 743 
49JPC 3930 24170 983 
50MC 51 928 107 
53MC 355 6182 532 
56MC 45876 40697 3330 
59MC 65747 32874 3931 
60MC 7167 57335 1618 
61JPC 1421 20402 2007 
67MC 21491 72222 2818 
69MC 27079 174590 10689 
72MC 13139 41608 1792 
76MC 7368 38513 2009 
A8.5 3251 3681 107 
C2-8 4536 4761 28 
C2-A11 4519 5577 29 
CC5 2570 6194 186 
Table 3.3. Abundance calculations for 67 Gulf of Papua samples. Reworked 
specimens includes all reworked forms of any age older than Quaternary. Terrestrial 
abundance includes pollen, spores, and fungal spores. Marine indicator abundance 
includes dinoflagellate cysts, acritarchs, tintinnids, copepod eggs, and foraminifer 
linings.  Abundances calculated according to Stockmarr (1971), Traverse (2007), and 
Lignum et al. (2008). 
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Sample 
Reworked Abundance 
(specimens/g 
sediment) 
Terrestrial Abundance 
(specimens/g 
sediment) 
Marine Indicator 
Abundance 
(specimens/g sediment) 
CC7 2897 3644 113 
D2 5778 3593 57 
D6 2344 1563 14 
EE5 9067 7838 0 
EE7 5564 3265 57 
EE9 12391 2602 0 
G2 10739 6522 0 
G3 6707 2127 0 
G5 5196 1220 18 
T10-20 5248 9362 504 
T10-60 3125 2849 0 
T11-20 7509 5269 166 
T1-20 1561 285 6 
T12-20 3103 754 13 
T1-25 562 254 5 
T13-20C 3058 2848 19 
T13-30C 5288 2893 0 
T2-30 2754 417 77 
T3-20KC 7782 2678 0 
T3-30 2653 2452 110 
T4-30 1631 1477 10 
T4-50 3764 2485 24 
T5-20 4636 2276 0 
T6-20 9920 2687 207 
T6-30 3491 927 52 
T7-20 3047 558 0 
T7-30 4334 1260 115 
T8-20B 3181 3430 23 
T8-30 3791 2566 0 
T8-50 3436 2582 73 
T8-60 6781 4860 0 
T9-30 2621 4324 45 
 
It is possible that the Lycopodium spp. recovery is compromised, as the counts for 
offshore sites are highly variable among slides, ranging from 1 to 579, despite counting 
similar percentages of each slide. To avoid any possible bias, concentrations were not 
used in the graphics, and we have chosen to present the majority of recovery data in this 
paper as the raw counts or relative abundances, including in the statistical analyses.  
(Table 3.3 continued) 
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Palynomorph identification 
 Many references were used to identify palynomorphs and the terrestrial vegetation 
to which pollen and spores correspond, including Cookson and Eisenack (1957), Couper 
(1960), Cookson and Hughes (1964) Paijmans (1975), Flenley (1979), Walker and 
Flenley (1979), Muller (1981), Playford (1982), Pocknall and Mildenhall (1984), Davey 
(1987), Helby et al. (1987), Rigby (1997), Rigby (2001), APSA Members (2007), 
Playford and Rigby (2008), and Zonneveld et al. (2013). Species-level identification of 
pollen and spores in a tropical rainforest setting is difficult when using only transmitted 
light microscopy, so species are grouped into genera or family-level designations, but this 
has little impact on our environmental interpretations of vegetation groups. Pollen and 
spore taxa for the vegetation groups analyzed in this paper are presented in Table 3.4. 
Recognizable pollen that were not assignable to a designated genus or family taxon were 
included in the tropical rainforest category (the tricolporate, tricolpate, triporate forms) as 
this is the dominant vegetation category on Papua New Guinea. Those not attributable to 
any specific morphologic designation remain as unknowns. 
Data analysis 
Spatial bubble plots of palynomorph distribution were created using ArcGIS 10.2 
(ArcGIS Desktop, 2014) with the following categories plotted as a percent of the total 
absolute abundance (pollen and spores; marine indicators including dinoflagellate cysts, 
tintinnids, foraminifer linings, copepod eggs, and acritarchs; and reworked specimens) 
(Table 3.3; Figures 3.5, 3.6). 
 
   
 117 
 
 
 Onshore to offshore, along shelf, and along slope transects were created using 
StrataBugs 2.0 (StrataData, 2014) to more effectively present pollen and spore 
distribution (Figures 3.7 and 3.8 include transect locations; Figures 3.9, 3.10, 3.11, 3.12, 
and 3.13 are plots of palynomorph distribution along each transect). Transects were 
compiled based on the shortest straight-line distance between sampling locations. Some 
samples were projected onto the line using the right angle intersection of a straight line 
with the transect line between two adjacent samples. Each of the transect plots contains 
the following columns: distance along the transect (km); samples; reworked versus 
penecontemporaneous occurrences; terrestrial versus marine occurrences; vegetation 
groups plotted as a percent of the total count of all vegetation groups (mangrove, tropical  
Lowland Tropical 
Rainforest 
Lower Montane/Montane 
Forest 
Mangroves  
Barringtonia spp. Alnus spp. Acrostichum aureum 
Dicolpopollis spp. Araucaria spp. Avicennia spp. 
Haloragaceae Bisaccate undifferentiated Nypa spp. 
Ilex spp. Cupressaceae Oncosperma spp. 
Malphigiaceae Dacrydium spp. Podocarpaceae 
Malvaceae Myrtaceae Rhizophoraceae 
Rubiaceae Nothofagus spp. Sonneratia spp. 
Tiliaceae Pinus spp.   
All other tricolpate, 
tricolporate, and triporate 
forms 
Pitryogramma spp. Grassland, Scrub, Savanna 
Podocarpaceae Acacia spp. 
  Asteraceae 
  Swamp Forest Banksia spp. 
  Arecaceae Chenopodiaceae 
Spores Carya spp. Ericaceae 
All spores, including 
trilete and monolete forms 
Cyperaceae  Eucalyptus spp. 
Meliaceae  Gramineae 
  Metroxylon spp.   
Table 3.4. Familes and genera characterizing each of the major vegetation groups of Papua 
New Guinea. 
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Figure 3.5. Spatial bubble plots of nearshore Gulf of Papua samples. Bathymetry 
(DEM, digital elevation model) from Daniell (2008).  
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Figure 3.6. Spatial bubble plots of offshore Gulf of Papua samples. Bathymetry (DEM, digital elevation 
model) from Daniell (2008). 
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Figure 3.7. Transect locations for nearshore Gulf of Papua samples. Bathymetry 
(DEM, digital elevation model) from Daniell (2008). 
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Figure 3.8. Transect locations for offshore Gulf of Papua samples. Bathymetry (DEM, digital elevation model) 
from Daniell (2008). 
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Figure 3.9. Transect A to A’ alongshore from northeast to southwest, including predominantly clinoform foreset samples (location shown in Figure 3.7). Peaks in reworking could indicate input from the three major channels of the Fly River. 
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Figure 3.10. Transect B to B’ from nearshore to offshore (location shown in Figure 3.7). Assemblages are uniform along the transect. 
Figure 3.11. Transect C to C’ from nearshore to offshore (location shown in Figure 3.7). Percentage of reworking decreases with increasing distance from shore.  
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Figure 3.12. Transect D to D’ from northeast to southwest along the continental shelf, Pandora Trough, and Ashmore Trough (location shown in Figure 3.8). 
Assemblages are significantly different between Pandora and Ashmore Troughs. 
 
Figure 3.13. Transect E to E’ from west to east across Pandora Trough (location in Figure 3.8). All palynomorphs recovered in low abundances except spores. 
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 rainforest, montane forest, swamp forest, and scrub/savanna/grassland); and total count 
of spores. Spores are left out of the percent calculation for vegetation because they are 
abundant at most sites. Transect interpretations are included in the furthest right column.  
Unconstrained Principal Component Analysis (PCA) with supplementary 
(environmental) variables was performed on the data using Canoco5   
 (Table 3.5, Figure 3.14) (Šmilauer 2012). The program calculated the first four PCA 
axes, and we log-transformed response data. Marine palynomorph data was left out of the 
statistical analysis, because recovery is very low at most sites, except for those in  
 Ashmore Trough (Figure 3.1). Counts of the following groups were analyzed: reworked 
specimens, mangrove, lowland rainforest, montane forest, swamp forest, 
savanna/scrub/grassland, and spores. The following environmental parameters were 
selected: water depth (m), distance from shore (nearest straight-line distance, km), 
distance from slope break (km), and sedimentation rate (cm/yr). Other variables, such as 
sediment source, vegetation distribution on land, current direction and speed, amount of 
bacterial activity, reworking, time in transport, coring equipment, and human error, can 
also impact distribution (e.g., Traverse, 2007). Although these variables are difficult to 
account for statistically, we have kept them in mind for analysis of results. 
 
Unconstrained PCA with Supplementary Variables 
Total Variation 306.81 
Environmental variables account for 46.20% 
Statistic Axis 1 Axis 2 Axis 3 Axis 4 
Eigenvalues 0.4168 0.2281 0.1453 0.0984 
Explained variation (cumulative) 41.68 64.49 79.03 88.87 
Pseudo-canonical correlation (suppl.) 0.9082 0.5895 0.1739 0.4463 
Table 3.5. Principal Component Analysis (PCA) results for Gulf of Papua Samples.  
 
 126 
The PCA graph for pollen and spore data shows the first two PCA axes with 
samples plotted as their Euclidean distance scores (Figure 3.14). Vegetation arrows 
(filled black) point in the direction of their steepest increase, and longer arrows indicate 
better fit for that category. Environmental arrows (empty black) also point in the direction 
of their steepest increase. Positive correlation between categories is interpreted when 
Figure 3.14. Principal Component Analysis (PCA) results. Vegetation group 
arrows have filled black tips, and environmental variables have empty black tips. 
Samples are plotted by their Euclidean distance scores (filled black circles with 
corresponding sample name). Water depths are negative, so increases in water 
depth indicate shallower water.  
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angles between arrows are acute, while negative correlation is interpreted when angles 
between arrows are obtuse. A summary figure has been prepared in ArcMap (ArcGIS 
Desktop, 2014) to show the major source of clinoform sediments (Figure 3.15). 
Results 
Palynomorph assemblages recovered reflect major vegetation groups on the 
mainland, as well as high percentages of reworked forms at some sites (mostly those in 
nearshore clinoform samples). All major vegetation groups (Figures 3.3, 3.4) are 
represented by pollen found in the GoP sedimentary record, including mangroves, 
tropical rainforest, montane forest, swamp forest, and scrub/savanna/grassland. Reworked 
forms, dominated by dinoflagellate cysts, pollen, and spores of Cretaceous to Neogene in 
age comprise greater than 50% of the assemblage at many nearshore sites (Figures 3.5, 
3.9, 3.10, 3.11). Modern dinoflagellate cyst recovery is very low at all sites in the GoP, 
except for sites in Ashmore Trough (Figure 3.5, 3.6). Other marine indicators, including 
tintinnids, copepod eggs, foraminifer linings, and acritarchs are also rare throughout the 
GoP (Table 3.2).  
Spatial bubble plots 
 Nearshore spatial bubble plots (Figure 3.5) show high abundances (greater than 
50%) of reworked palynomorphs (Cretaceous and Neogene in age) at the majority of sites. 
Reworking generally increases offshore, with highest abundances of reworked 
palynomorphs in clinoform foreset deposits. Pollen and spores sourced from mainland 
vegetation are generally found in highest abundances nearest shore. Recovery of marine 
indicators is very low or absent in all nearshore sampling sites.  
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Figure 3.15. Major source of clinoform sediments. Geologic map from Steinshouer et al. (1999) with abbreviations indicating formation ages: Jurassic (J), Cretaceous (K), Cretaceous-Tertiary 
(KT), Mesozoic (MZ), Neogene (N) Neogene-Quaternary (NQ), other (oth), Quaternary (Q), Tertiary (T), and undifferentiated (und). Surficial illite:smectite ratios on the GoP continental 
shelf were provided by Xu (personal communication, 2013) and previously published by Slingerland et al. (2008a) and Howell et al. (2014). Higher ratios indicate greater sediment maturity. 
Reworked palynomorph abundances (Table 3.3) are calculated as palynomorphs per gram of dried sediment.  
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Offshore spatial bubble plots (Figure 3.6) show very different trends in 
palynomorph assemblages. These sites are dominated by spores sourced from the 
mainland, and abundances of reworked palynomorphs are very low, except in upper slope 
samples 20MC, 21MC, 56MC, and 59MC. Recovery of marine indicators, especially 
dinoflagellate cysts is much higher for offshore samples, especially those in Ashmore 
Trough (02BC, 07TC, 10MC, 12MC, and 14MC).  
Transects 
 Transects of palynomorph distribution show greater detail for recovered 
palynomorph assemblages (Figures 3.7, 3.8). Transect A (Figure 3.9) runs along the 
clinoform foreset (Figure 3.1). There are three major peaks in reworked palynomorphs, 
which could be related to sourcing from the three channels of the Fly River, as indicated 
in the interpretation column. Marine indicator recovery is less than three percent for all 
sites along the clinoform foreset. Spores are the most dominant component of 
assemblages at all sites along this transect. Vegetation assemblages are dominated by 
lowland rainforest and montane forest species, with contributions from mangrove, swamp 
forest, and scrub/savanna/grassland.  
 Transect B (Figure 3.10) runs from nearshore to offshore from the middle channel 
of the Fly River, and it includes clinoform topset, foreset, and bottomset samples. The 
ratio of reworked to penecontemporaneous forms is remarkably consistent along the 
transect. Marine indicator recovery is very low and spore recovery is high, similar to 
Transect A. Lowland rainforest species abundance peaks in clinoform topset samples, 
then mangrove and montane forest species become the dominant vegetation groups 
farther along the transect in clinoform foreset and bottomset samples.  
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Transect C (Figure 3.11) also runs from nearshore to offshore north of the 
northernmost Fly River channel. Reworked palynomorph recovery increases offshore, as 
these forms can be more resistant to degradation (e.g., Needham et al., 1969; Fleming, 
1994; Riding, 2005). Lowland rainforest species are the dominant component of the 
pollen assemblage, with lower representation from mangroves, montane forest, swamps, 
and grassland/scrub/savanna. A peak in mangrove pollen occurs in the sample nearest 
shore (CC5), which is directly offshore from mangrove forests (Figure 3.3). Counts for 
spores are highest near shore and decrease with increasing distance from shore.  
Offshore samples (Figures 3.12, 3.13) possess very different palynomorph 
assemblages from nearshore samples. Transect D (Figure 3.12) crosses the continental 
slope from northeast to southwest. Reworked palynomorph abundances are low across 
the slope, except for samples 56MC, 20MC, 21MC, and 59MC. Bisaccate pollen 
(montane forest) and spores are the dominant representatives of terrestrial vegetation. 
Marine indicator recovery is very low, except for sites in Ashmore Trough.  
Transect E (Figure 3.13) includes samples from the continental slope and deep 
GoP basin, including Pandora and Moresby Troughs. Reworking is very low for these 
samples, except those located on the continental slope. Marine indicator recovery is also 
low, except for a slight peak in sample 22TC. Spores are the dominant representative of 
terrestrial vegetation, with high recovery of bisaccate pollen (montane forest) and 
monocolpate pollen from swamp forest.  
Statistical analysis 
PCA compares the dissimilarity between all samples (Figure 3.14, Table 3.5). The 
environmental variables (water depth, distance from shore, distance from slope break, 
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and sedimentation rate) account for 46.20% of the variation among samples. The total 
variation among all 67 samples is 306.81, with the first four PCA axes (Axes 1, 2, 3, and 
4) accounting for 88.87% of this variation. Nearshore samples are very similar to each 
other, because they plot very close together. Offshore samples are more dissimilar to each 
other, as well as to nearshore samples. Lowland rainforest and reworked palynomorphs 
are strongly correlated with increasing sedimentation rate and decreasing water depth. 
Spores, montane forest, and swamp forest are strongly correlated with increasing 
distancefrom shore and the shelf-slope break. Mangrove and grassland vegetation are 
weakly correlated with decreasing water depth and increasing sedimentation rate. 
Discussion 
 As indicated by high abundances of reworked Cretaceous and Neogene 
palynomorphs in nearshore samples (Figures 3.5, 3.9, 3.10, 3.11), clinoform sediments 
are not solely sourced from the Fly Platform covered with Quaternary deposits (Figure 
3.15). Although we predicted the majority of sediments to be sourced from adjacent land 
near the Fly River delta, it appears a large amount of sediments are sourced from the 
headlands of the Fly River in the Papuan Fold Belt, composed of deformed Cretaceous 
and Neogene rocks, and these sediments are transported over 200 kilometers. Results 
from Baker (1998) and Dalrymple et al. (2003) support our conclusion, as they 
determined most of the clinoform sediments are sourced from the Papuan Fold Belt, as 
well as the Fly Platform. It is very likely that mining at Ok Tedi (Figure 3.15) has 
contributed to the abundance of reworked palynomorphs in GoP sediments. Eagle and 
Higgins (1990) observed that mining near the headlands of the Ok Tedi and Strickland 
Rivers has increased sediment discharge to the GoP by over 40% in the last thirty years. 
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Because only modern sediment samples have been analyzed for this project, we can only 
conjecture that reworked palynomorphs have increased in abundance since mining began. 
Palynological analysis of Ok Tedi mine samples has not been published, so we cannot 
compare our reworked specimens with specimens from that site. Several authors have 
published on pre-Quaternary palynology at other sites in PNG (Playford, 1982; Davey, 
1987; Rigby, 1997; Rigby, 2001; Playford and Rigby, 2008), and their results support 
predominantly Cretaceous and Neogene ages of reworked palynomorphs found in 
modern samples. 
Comparing modern sediment mineralogy with reworked palynomorph 
occurrences supports our conclusion of long distance transport and sourcing from the 
headlands of the Fly River (Figure 3.15). Sediment maturity is indicated by the ratio of 
illite to smectite in sediments (e.g., Milliman, 1995; Brunskill, 2004; Howell et al., 2014). 
Higher ratios mean the sediments are more mature and have been in transport longer. 
Illite:smectite ratios of GoP clinoform sediments clearly reflect sediment source and 
bedrock geology. Davies (2012) notes Fly, Bamu, and Turama rivers in the western GoP 
are sourced by reworked and Neogene sediments which are more mature, while the more 
eastern Kikori and Purari rivers have less mature sediments that are dominated by 
volcanic components. Reworked palynomorphs are highest in abundance near sites with 
the highest illite:smectite ratios.  
 Reworked palynomorphs are much less common in offshore and northeastern 
shelf samples (Figures 3.6, 3.12, 3.13), although the specimens found are also Cretaceous 
and Neogene in age with minor Paleozoic contributions sourced from the Papuan 
Peninsula (Figure 3.2). Because these sites have much lower sedimentation rates and are 
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farther from land, long distance transport and preservation of reworked forms in offshore 
slope and basin samples is less likely. However, the presence of outcrops generally closer 
to the site of deposition for offshore samples (compared to greater than 200 km of 
transport for reworked palynomorphs in clinoform sediments) would lead us to predict 
greater abundances of reworked palynomorphs in offshore samples than are actually 
observed. The other major variable that could be causing the difference between 
nearshore and offshore samples is the lack of mining contributing to sediment source near 
the continental slope and GoP basin. Some offshore sites, including 56MC, 20MC, 21MC, 
and 59MC, do have relatively high percentages of reworked forms, and these are directly 
offshore from clinoform sediments. It is possible that the sediments at these sites have 
been transported across the GoP marine transgressive surface and preserved on the slope. 
Francis et al. (2008) notes it is likely the mass transport deposits found along the slope 
and in Pandora Trough in this region are sourced from Fly River sediments, which 
supports our finding of high reworked abundances at these sites. The rare occurrence of 
reworked forms in other offshore samples is intriguing, because the PNG highlands 
experience common natural landslides (e.g., Blong, 1986; Robbins et al, 2013), however, 
this could be explained by sediment transport pathways in the offshore GoP. Some of the 
terrigenous sediment delivered to the northeastern gulf is transported to the east of the 
study area (Keen et al., 2006).   
 Modern pollen and spore assemblages (Figures 3.9, 3.10, 3.11, 3.12, 3.13) for the 
most part reflect mainland vegetation assemblages (Figure 3.3) (Paijmans, 1975), but 
some major differences are noted and discussed below. As mangrove vegetation occurs at 
sea level and fringes the GoP, we expected to find the highest percentage of these pollen 
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types in our sediment samples. However, this was not the case, and mangrove pollen has 
much lower recovery than expected. This disparity is likely due to the fact that during 
high stands of sea level, like at present, most mangrove pollen is retained with the roots 
and sedimentary matrix of the mangrove forest in which it is produced and very little is 
carried into surrounding waters (e.g., Tissot and Marius, 1992).  
 Tropical rainforest and swamp pollen are the dominant representatives of 
vegetation in nearshore samples (Figures 3.9, 3.10, 3.11). As mentioned, it is difficult to 
differentiate pollen to species level in a tropical setting because many taxa produce 
similar or identical pollen grains. There are also many sub-types of rainforest and swamp 
forest on mainland PNG (Paijmans, 1975), so this category only provides an overview of 
the major families and genera representative of these vegetation types found in this study. 
Paijmans (1975) splits tropical rainforest vegetation into seven different categories and 
swamp forest into four categories, depending on such factors as canopy height, whether 
the canopy is open or closed, soil type, and proximity to rivers. We could not differentiate 
these terrestrial factors in a marine palynological study.  
 Grassland, scrub, and savanna are also a combination of several vegetation 
categories that represent dry conditions and open land. These types of vegetation also 
commonly represent human occupation and burning (e.g., Denham et al., 2003; Haberle, 
2003; Denham and Haberle, 2008; Sniderman et al., 2009; Haberle et al., 2012). We have 
found these vegetation categories in low abundances throughout most of the study area, 
but interestingly with generally higher representation in offshore samples that are near 
areas with the highest human occupancy on PNG, by the capitol city, Port Moresby 
(Figures 3.12, 3.13). 
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 Bisaccate pollen, which is the dominant representative of montane forest, has 
surprisingly sparse recovery in GoP samples. Due to presence of vast swaths of montane 
forest (Figure 3.3), mountainous terrain, and because bisaccate pollen can be transported 
long distances due to its buoyant air sacs (e.g., Muller, 1959; Traverse and Ginsburg, 
1966; Traverse, 2007), we expected montane forest vegetation to dominate offshore 
assemblages and have better representation in nearshore assemblages. For nearshore 
assemblages, the vegetation (Figure 3.3) sourcing the pollen assemblages has very low 
presence of montane forest. For offshore assemblages, montane forests pollen is also rare 
in GoP samples. Keen et al. (2006) discuss potential transport pathways for terrigenous 
material in the GoP, which can be aid in explaining pollen distribution. Most terrigenous 
material on the inner shelf is retained in clinoform deposits, while sediments delivered in 
the northeastern gulf are potentially transported to the east out of the study area by the 
CSCC. Because montane forest pollen is buoyant and can be transported long distances 
(source), low recovery of this pollen in offshore samples likely means it has been 
transported out of the GoP (e.g., Muller, 1959).  
 Spores are, by far, the most abundant representatives of terrestrial vegetation from 
the mainland (Figures 3.9, 3.10, 3.11, 3.12, 3.13). The reason for their dominance is due 
to the fact that the parent plant produces vast quantities of spores that survive long 
distance transport (e.g., Pohl, 1937a, 1937b; Wijmstra, 1978; Birks and Birks, 1980; 
Traverse, 2007). Very few spore species are indicative of environmental conditions, as 
spore-producing plants, unlike pollen-producing plants, have less strict requirements 
governing their biogeography, except the necessity of water for reproduction. Because 
PNG has high annual rainfall, abundant spore recovery in our samples confirms the 
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humid environment throughout the study area (similar to findings by Anderson and 
Muller (1975) and Rull (2001), for example).  
The rare occurrence of marine indicators, including dinoflagellate cysts, acritarchs, 
tintinnids, copepod eggs, and foraminifer linings, is likely due to sedimentological and 
oceanographic factors. Several authors have shown most dinoflagellate species prefer 
fully marine conditions and clear water with little sediment input (e.g., Marret and 
Zonneveld, 2003; Zonneveld et al., 2013). Because sediment discharge to the GoP is 
extremely high (3.84 x 10
8
 tons/year, Milliman, 1995; Wolanski et al., 1995), it is 
unlikely dinoflagellate cysts would be recovered in high abundance. Low recovery of 
dinoflagellate cysts fits with current understanding of the GoP sedimentary regime.  
As the use of controlled oxidation has been shown to degrade fragile 
palynomorphs, particularly dinoflagellate cysts, in modern sediments (Harland, 1981; 
Harland, 1983; Schrank, 1988), we reprocessed samples without controlled oxidation to 
determine if processing procedures affected observed assemblages. These reprocessed 
samples show higher, but still relatively low, recovery of dinoflagellate cysts, so the use 
of an oxidant in this study biased the samples only slightly. Additionally, the pollen and 
spore assemblages recovered in both processing procedures are quite similar, and 
specimens are much easier to identify on the oxidized slides. For this reason, only the 
data from the oxidized slides processed by the external consultant were included in this 
paper.  
 PCA (Figure 3.14) reveals how strongly palynomorph distribution is governed by 
the four environmental factors selected to help explain their distribution. Sedimentation 
rate, bathymetry, and distance from shore/slope break explain 46.20% of the variation 
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among palynomorph assemblages. Statistical analysis reveals the strong dissimilarity 
between nearshore and offshore samples. Nearshore samples are surprisingly similar to 
each other, with little differentiation among clinoform topset, foreset, and bottomset beds. 
Because assemblages are so similar to each other, this reflects our conclusion that 
sediments are sourced from similar areas, i.e., from the headlands of the Fly River in the 
Papuan Fold Belt and the Fly Platform. Lowland rainforest, mangroves, and reworked 
palynomorphs are the dominant components of nearshore samples, and their distribution 
is strongly positively correlated with shallower water depth and higher sedimentation 
rates. Offshore samples are much more dissimilar to each other, which means there are 
likely different sources contributing to the palynomorph assemblages. They are also 
much further apart from each other geographically than nearshore samples. These 
samples are dominated by spores, montane forest, and swamp forest, which are strongly 
positively correlated to increasing distance from shore and the slope break and strongly 
negatively correlated to shallower water depth and higher sedimentation rate. Grassland 
vegetation is the only vegetation group not strongly correlated to any of the 
environmental factors examined in this study. This result is likely due to the fact that 
grassland vegetation distribution is strongly controlled by human influence, which is 
difficult to account for statistically. 
Conclusions 
 Analysis of modern palynomorph distribution in the GoP, PNG, provides better 
understanding of how palynomorphs are transported as part of the sediment load and 
what types of vegetation signals are preserved in the sediment. Nearshore clinoform 
palynomorph assemblages are dominated by reworked palynomorphs and pollen sourced 
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from mainland vegetation. Reworked Cretaceous and Neogene pollen, sourced from the 
headlands of the Fly River over 200 km away, reveal the major source of sediments 
composing the GoP clinoform, supporting the results of Baker (1998) and Dalrymple et al. 
(2003). Palynomorph assemblages across the three major subdivsions of GoP clinoform 
(topset, foreset, and bottomset) are similar (Figures 3.9, 3.10, 3.11), with slight increases 
in reworking with distance from shore and concomittant decreases in terrestrially sourced 
pollen and spores. Offshore palynomorph assemblages (Figures 3.12, 3.13) are quite 
different from clinoform assemblages (except for those directly offshore from the Fly 
River mouth, including 20MC, 21MC, 38MC, 56MC, and 59MC), most likely due to 
sourcing from the Papuan Peninsula as opposed to Fly Platform, and show high recovery 
of spores and low recoveries of reworked palynomorphs and pollen. Samples in Ashmore 
Trough are the only samples with high recoveries of marine palynomorphs in the GoP, 
especially dinoflagellate cysts, most likely due to more suitable oceanographic conditions 
and low sediment influx.  
Recovered pollen and spores reflect the major vegetation groups on mainland 
PNG, including mangroves, tropical rainforest, swamp, montane forest, and 
grassland/scrub/savanna. Principal Component Analysis (PCA) reveals the importance of 
palynomorph morphology in determining its transportability; more robust forms, like 
spores, or the presence of air bladders, like bisaccate pollen (the dominant component of 
montane vegetation), allows them to be found further offshore and in deeper water. On 
the other hand, pollen from mangrove and tropical rainforest vegetation is deposited 
nearer shore where sedimentation rates are higher and in shallower water.  Results 
provide better understanding of sediment source, transport, and deposition in the region.  
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CHAPTER 4. CLIMATIC AND OCEANOGRAPHIC CONDITIONS IN THE GULF 
OF PAPUA, PAPUA NEW GUINEA, DURING THE BØLLING-ALLERØD, 
YOUNGER DRYAS, AND MELTWATER PULSE-1B: A PALYNOLOGICAL 
ANALYSIS * 
Introduction  
 Most of the world’s population inhabits coastal that are highly susceptible to 
climatic, oceanographic, and sedimentological changes. Southeast Asia and in particular, 
the islands and coastal areas of Papua New Guinea are extremely vulnerable to these 
changes because large indigenous populations reside theree with little social and political 
infrastructure to support them during climatic events, such as rapid sea level rise, and 
intensification of the El Niño Southern Oscillation (ENSO), that induce natural hazards, 
such as landslides (e.g., Robbins et al. 2013). The National Science Foundation (NSF)-
funded Source-to-Sink (S2S) initiative and the MD148-PECTEN (Past Equatorial 
Climate: Tracking El Niño) expedition conducted cruises in the Gulf of Papua (GoP), 
Papua New Guinea (PNG), in part to better understand how climate and oceanographic 
conditions have changed in this region over the latest sea level transgression and how 
these factors have influenced the sedimentary record (NSF MARGINS Program, 2004). 
Numerous studies have been published on the cores and data collected during these 
cruises (e.g., Dickens et al., 2006; Carson et al., 2008; Daniell, 2008; Febo et al., 2008; 
Francis et al., 2008; Jorry et al., 2008; Muhammad et al., 2008; Slingerland et al., 2008; 
Tcherepanov et al., 2008; Howell et al. 2014).  
  This study aims to accomplish three major objectives which are also part of the 
greater goals of the S2S and PECTEN initiatives: 1) reconstruct climate and  
*The following chapter is in preparation for submission to Quaternary International with 
the following coauthors: Sophie Warny, Samuel J. Bentley, Sr., David Jarzen, André W. 
Droxler, Ashley L. Howell, Brandon B. Harper, Charles A. Nittrouer, and Kehui Xu. It 
will be submitted by August 1, 2015. 
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oceanographic changes over the last 14.5 kyr; 2) determine the advent of anthropogenic 
influence; and 3) assess changes in sediment source and transport over the study interval.  
Palynology, which is the study of organic-walled microfossils, can provide much 
information on climate and oceanographic changes. Pollen, produced by vegetation, is a 
very sensitive indicator of climate, because vegetation distribution shifts directly in 
response to climatic factors, such as insolation, precipitation and temperature (Traverse, 
2007). Marine palynomorphs, including dinoflagellate cysts, foraminifer linings, copepod 
eggs, and tintinnids, respond to changes in oceanographic conditions, including ocean 
temperature, salinity, productivity, and sediment input (Zonneveld et al., 2013). Because 
palynological preparations contain a wide variety of both marine and terrestrial taxa, 
palynological analysis can be useful in reconstructing climate and oceanography over the 
time interval of study (e.g., Warny and Wrenn, 2002; Warny et al., 2003; Warny et al., 
2009; Feakins et al., 2012). The non-palynomorph palynological component or 
palynomacerals (including wood particles, resin, leaf cuticle, and black fragments) 
extracted from modern sediments collected during the S2S and PECTEN initiatives 
provided critical data on paleo-water depths and distance to shore indices (Thomas et al., 
2015). This study focuses on palynomorphs recovered from these cores.  
  Anthropogenic impacts on palynological assemblages are well documented from 
PNG and surrounding areas. Human occupation of PNG has been dated from at least 40 
to 45 kyr BP (e.g., Torrence, 2012) with a transition to agriculture between 7 to 9 kyr BP 
(e.g., Haberle et al., 2012). Agricultural activities are translated in the pollen record by 
the appearance and increase in pollen of cultivated plants and grassland pollen (due to 
deforestation), as well as charcoal fragments (due to burning of fields) (Denham et al., 
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2003; Haberle, 2003; Denham and Haberle, 2008; Sniderman et al., 2009; Haberle et al., 
2012; Warny et al., 2012). We predict an increase in anthropogenic-related palynomorphs 
in the palynological record from the beginning of agriculture on PNG in the cores 
selected for study.  
 Palynological analyis can also be used to assess changes in sedimentation 
dynamics (e.g., Batten, 1983; Pocknall and Beggs, 1990; Courtinat et al., 2002; Schiøler 
et al., 2002; Skupien and Mohamed, 2008; Schiøler et al., 2010). The distribution of 
palynomorphs is strongly effected by the same factors that control sediment distribution, 
including erosion rates, current speed and direction, and particle density and morphology. 
Palynomorphs are transported as part of the silt to very fine sand grain size of the 
sediment load (e.g, Muller, 1959; Melia, 1984; Kershaw, 1994; van der Kaars, 2001; 
Moss et al., 2005). Reworked palynomorphs, sourced from geologic formations older 
than Quaternary, are useful for tracing sediment source and transport distance (e.g., 
Needham et al., 1969; Fleming, 1994; Riding, 2005).  
Howell et al. (2014) used fine-grained sediment mineralogy to trace sediment 
delivery in two of the cores (MV-41 and MV-46). They determined different sediment 
sources for MV-41 and MV-46, despite their close proximity, likely due to complex shelf 
morphology and sourcing from different river catchments. Palynological assemblages, 
particularly the presence of different ages of reworked palynomorphs should differ 
significantly between the two cores, if their hypothesis is indeed correct. The third core, 
MD-50, is located 280 km away in Ashmore Trough, and it is dominated by carbonate 
sedimentation (Harper, 2014). This location has been selected to determine changes in 
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sea-surface conditions by analyzing marine palynomorph assemblages, particularly 
dinoflagellate cysts, over the last 14.5 kyr.  
Area of study 
The GoP (8-11°S, 143-147°E) is located southeast of PNG and north of Australia (Figure 
4.1). Sediment discharge from PNG is one of the world’s largest at 1.7 x 109 tons per year 
(Milliman, 1995). Much of this sediment discharge comes from the rivers, including the 
Fly, Bamu, Turama, Kikori, Purari, Vailala, and Lakekamu (listed from west to east), that 
enter the GoP (Milliman, 1995; Wolanski et al., 1995), a foreland basin formed during 
Cenozoic convergence of rifted Australian crust with the Pacific Plate (Pigram et al., 
1989). Siliciclastic sediment delivered to the GoP is retained on a wide continental shelf 
(greater than 100 km across) in the west, while in the north and east sediments are 
delivered to the continental slope and a series of troughs because the shelf is very narrow 
(less than 10 km across) (Milliman, 1995; Francis et al., 2008). Carbonate sedimentation 
in the GoP is predominately located in the south near the Great Barrier Reef. Because of 
the large sediment discharge volumes and mixed siliciclastic-carbonate sedimentation 
regime, the GoP can provide important insights for studying how sediments are 
transported to the ocean from their source to their sink (Milliman, 1995; Thomas et al., in 
prep). Oceanographic and sedimentological conditions in the GoP have been extensively 
studied in recent years (e.g., Thom and Wright, 1983; Wolanski and Alongi, 1995; 
Wolanski et al., 1995; Walsh et al., 2004; Francis et al. 2008; Martin et al., 2008; 
Muhammad et al., 2008; Ogston et al., 2008; Slingerland et al., 2008; Howell et al., 2014) 
and provide important context for the present study on palynomorph distribution over the 
last 14.5 kyr.  
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PNG geology 
The modern geology of PNG is quite complex (Figure 4.2), due to the Cenozoic 
tectonic evolution of the area, which is dominated by collision of a rifted fragment of the 
Australian craton with the Pacific Plate that led to formation of the GoP foreland basin 
(Pigram and Davies, 1987; Pigram et al., 1989; Abbott, 1995). Mainland PNG is  
Figure 4.1. Core locations in the Gulf of Papua. Digital elevation model from Daniell 
(2008). MV-41 and MV-46 are located on the continental shelf and slope, and MD-50 
is located in Ashmore Trough.  
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Figure 4.2. Geologic map of Papua New Guinea (Steinshouer et al., 1999). Abbreviations are formation ages: Jurassic (J), Cretaceous (K), Cretaceous-Tertiary (KT), Mesozoic (MZ), 
Neogene (N), Paleozoic (PZ), Paleozoic-Mesozoic (PZMZ), Paleogene (Pg), Quaternary (Q), Tertiary (T), Triassic (Tr), other (oth), and undifferentiated (und). Digital elevation model 
of Gulf of Papua bathymetry is from Daniell (2008). Illite:smectite ratios from modern sediment samples are from Slingerland et al. (2008), Howell et al. (2014), and Xu (2015, personal 
communication). Increasing ratios indicate increasing sediment maturity.  
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composed of four major provinces: the western Fly Platform, the Papuan Fold Belt, the 
New Guinea Highlands and Papuan Peninsula, and volcanic arc terranes in the north 
(Abbott, 1995) (Figure 4.2). The Fly Platform, composed of rifted Australian continental 
crust, is overlain with Quaternary sediments that source the western rivers, including the 
Fly, Bamu, and Turama Rivers (Davies, 2012). The Papuan Fold Belt is a currently active 
fold and thrust belt created by collision, and it is composed of deformed Neogene and 
Mesozoic rocks. The New Guinea Highlands, which make up most of the Papuan 
Peninsula, are extremely deformed mountain ranges composed of rocks ranging from 
Neogene to Paleozoic in age (Abbott, 1995). The highlands source sediments for the 
Kikori, Purari, Vailala, and Lakekamu river catchments (Davies, 2012). Volcanic arcs, 
Neogene in age, have been sutured to the mainland in the north (Abbott, 1995), but 
sediments sourced from these terranes are not likely to enter the GoP due to the drainage 
divide of the highlands (Pigram et al., 1989; Abbott, 1995; Steinshouer et al., 1999).  
 GoP oceanography and sedimentology 
 The geology of PNG governs the source and composition of sediments entering 
the GoP, while oceanographic conditions determine how sediments are transported and 
delivered to the gulf. Several factors play an important role in sediment delivery: tidal 
variations, seasonal wind changes, currents, and the El Niño Southern Oscillation 
(ENSO). River discharge is relatively constant year-round due to the tropical setting, and 
there is little influence from cyclonic storms (McAlpine and Keig, 1983). Tidal variations 
are monthly in scale, and river deltas produced interlaminated mud and sand deposits 
(Martin et al., 2008). Seasonal wind changes are biannual, with a summer monsoon from 
December to March when winds blow from the northwest to southeast and winter trade 
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winds from May to October when winds blow from southeast to northwest (Thom and 
Wright, 1983; McAlpine and Keig, 1983; Walsh et al., 2004). The Coral Sea Current 
(CSC) is the major current impacting sediment transport in the western GoP, and it 
moves sediments mostly northeastward (Brunskill et al., 1995; Wolanski and Alongi, 
1995; Wolanski et al., 1995). In the northern and eastern GoP, transport is more complex 
where the CSC breaks down, and sediments are transported southward off the shelf onto 
the continental slope (Brunskill et al., 1995; Walsh et al., 2004; Martin et al., 2008). 
ENSO conditions occur every few years and reduce precipitation, which in turn reduces 
sediment discharge to the GoP (Rodbell et al., 1999; Kawahata and Gupta, 2004; Ogston 
et al., 2008). La Niña years result in increased precipitation and sediment discharge 
(Howell et al., 2014).  
 The GoP is classified as a mixed siliciclastic-carbonate depositional system (e.g., 
Dickens et al., 2006; Francis et al., 2008). Because the three cores evaluated in this study 
are from the northern GoP shelf/northern Pandora Trough and Ashmore Trough we will 
focus our discussion on sedimentological conditions in these areas (Figure 4.1). At the 
locations of cores MV-41 and MV-46 (northern shelf edge and northern Pandora Trough, 
respectively), river clinoforms reach the shelf edge (Wolanski and Along, 1995), and 
sediments are deposited on the slope (Brunskill et al., 1995; Walsh and Nittrouer, 2004; 
Muhammad et al., 2008). Howell et al. (2014) provides detailed data on the mineralogy 
and sedimentology of MV-41 and MV-46. MV-41 is cored in a shelf-edge deposit 
composed of immature sediments indicating a localized igneous rocks likely sourced 
from nearby Lakekamu and Vailala river catchment areas. MV-46 is cored in slope 
deposits, and sediments have clay mineralogies with higher maturity indicating a 
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different source. Howell et al. (2014) concludes sediment transport during the last marine 
transgression was not directly downslope from MV-41 to MV-46 and that dispersal 
pathways have been more heterogeneous and diagonal to the seabed gradient over the 
latest Quaternary. The heterogeneity of sediment sourcing for cores MV-41 and MV-46 
should be apparent in palynological assemblages. 
 Core MD-50 is located in Ashmore Trough, which receives predominantly 
carbonate sediments (greater than 80%) sourced from several coral reef atolls (Ashmore 
Reef, Boot Reef, Portlock Reef, and the Great Barrier Reef) (Figure 4.1) (Carson et al., 
2008; Francis et al., 2008; Harper, 2014). At present, the trough receives little siliciclastic 
sediment, but during times of lower sea level, siliciclastic sediment input was higher 
(Figure 4.3) (Carson et al., 2008; Francis et al., 2008; Tcherepanov et al., 2008; 2010; 
Harper, 2014). Harper (2014) provides sedimentological data on MD-50 and notes that 
the core has been dominated by carbonate sediments since at least 11.5 kyr BP.  
Time interval of study 
 Climate and associated sea level changes play a major role in how sediments are 
delivered to the ocean (e.g., Droxler and Schlager, 1985; Glaser and Droxler, 1993; 
Andresen et al., 2003; Jorry et al., 2008). Four major climatic intervals are evaluated in 
this study (Figure 4.3), including the Bølling-Allerød Interstadial (~14.5 to 12.5 kyr BP), 
the Younger Dryas (~12.5 to 11.5 kyr BP), Meltwater Pulse-1B (MWP-1B, ~11.5 to 10.5 
kyr BP), and the Holocene (~10.5 kyr BP to present). A regional sea level curve from 
dated coral terraces illustrates the magnitude of change over the last 22 kyr (Figure 4.4, 
after Muhammad, 2009; Howell et al., 2014). Sea levels in the GoP at the Last Glacial 
Maximum (LGM) were approximately 120 m lower (Fairbanks, 1989; Hanebuth et al., 
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Figure 4.3. Time scale of the last 20,000 years prepared with TimeScale Creator (TSCreator, 2015, http://www.tscreator.org/). Sea level curve, in meters relative to present, is from Miller et al. (2005); 
oxygen-18 (δ18O, per mill) composite curve is from Lisiecki and Raymo (2005); Milankovitch curves are from Laskar et al. (2004); and important climate periods and events are synthesized Thom and 
Wright (1983), Hope et al. (1983), Denham et al. (2003), and Howell et al. (2014). 
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2000; Yokoyama et al., 2000), resulting in exposure of the continental shelf and delivery 
of siliciclastic sediments directly to the slope (Febo et al., 2008). Warming climate and 
melting ice at high latitudes contributed to sea level rise and transgression on the GoP 
shelf, beginning as early as the Oldest Dryas, approximately 15 kyr BP. During sea level 
rise, less siliclastic material was delivered to the slope and was instead retained on the 
shelf (Howell et al., 2014). Periods of rapid rise occurred during the Bølling-Allerød 
Interstadial (-80 to -60 m) and MWP-1B (-60 to -40 m) (Jorry et al., 2008; Howell et al., 
2014). The Younger Dryas was a cool period between the Bølling-Allerød Interstadial 
and MWP-1B, characterized by lower temperatures, drier conditions, slowed rates of sea 
level rise, and higher volumes of sediment delivery to the slope (Jorry et al., 2008). After 
MWP-1B, sea level continued to rise, until modern sea level conditions were reached 
Figure 4.4. Regional relative sea level curve of the last 22,000 years synthesized from 
corals from the Bonaparte Sea (Yokoyama et al., 2000), Huon Peninsula (Chappell 
and Polach, 1991; Ota et al., 1993), and the Sunda Shelf (Hanebuth et al., 2000). 
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approximately 6 to 6.5 kyr BP (Ota et al., 1993; Lambeck and Chappell, 2001; Liu et al., 
2004; Kubo and Syvitski, 2006; Howell et al., 2014). At present, sediment delivery to the  
slope is restricted (Harris et al., 1996), and sediments that accumulate there reach it via 
channels as muddy turbidite flows (Ewing et al. 1970; Gardner, 1970; Winterer, 1970; 
Brunskill et al., 1995).  
Materials and Methods 
Core sampling 
Cores MV-41 and MV-46 (Table 4.1, Figure 4.1) were collected using a jumbo 
piston corer (JPC) onboard the R/V Melville during 2004. MV-41, located in 92 m water 
depth on the continental shelf approximately 2 km from the modern shelf edge, recovered  
 12.84 m of sediment. MV-46, located in 399 m water depth on the upper slope 
approximately 8 km from MV-41, recovered 14.48 m of sediment (Howell et al., 2014). 
 Core MD05-2950 (MD-50) (Table 4.1, Figure 4.1) was collected with an 
advanced piston corer (CALYPSO II) onboard the R/V Marion Dufresne during the 2005 
PECTEN cruise. The core site is located in Ashmore Trough near the shelf-slope break in 
a water depth of 476 m. 27.61 m of sediment were recovered (Beaufort, 2007; Harper, 
2014). 
 
Core Length (m) Latitude Longitude Water Depth (m) 
MV-41 12.84 -8.37° 145.87° 92 
MV-46 14.48 -8.44° 145.83° 399 
MD-50 27.61 -10.17° 145.09° 476 
Table 4.1. Core information, including length (meters, m), location (decimal degrees), 
and water depth (m) (Beaufort, 2007; Harper, 2014; Howell et al., 2014). 
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All cores were logged onboard after collection using a Geotek Multi-Sensor Core 
Logger (MSCL) to obtain whole-core gamma density (GD, measured in grams per cubic 
centimeter) and magnetic susceptibility (MS, x 10
-6
 SI) values at 10 cm intervals for MV-
41 and MV-46 (Dickens et al., 2006) and at 20 cm intervals for MD-50 (Beaufort, 2007).  
Dating and isotope analysis 
 Eighteen samples from the three cores were collected for radiocarbon (
14
C) 
analysis (Table 4.2). Nine of these samples were sand-sized or larger particles of woody 
debris collected from MV-41 and MV-46, and age results for these two cores were 
presented in Muhammad (2009) and Howell et al. (2014). 
14
C analyses for these nine 
samples were conducted at the Accelerator Mass Spectrometry (AMS) facility at the 
Woods Hole Oceanographic Institute. Four additional radiocarbon dates were obtained 
for MV-41 and MV-46 using planktonic foraminifer tests of Globigerinoides ruber and G.  
sacculifer. Approximately 100 tests per sample were analyzed at the University of 
Georgia in the Center for Applied Isotope Studies, and age results were presented in 
Howell et al. (2014). Conversion to calendar years (peak probability of ± 1σ) was 
performed on these ages using the Radiocarbon Calibration Program of Fairbanks et al. 
(2005). Six 
14
C ages for MD-50 were obtained by analyzing approximately 300 tests of G. 
ruber and G. sacculifer, and results were presented in Harper (2014). MD-50 ages were 
converted to calendar years using the CALIB 7.0 Radiocarbon Calibration program 
(Stuiver et al., 2015) and Marine 09, a modelled ocean average curve from Reimer et al. 
(2009). For our analyses, we have placed higher weight on ages measured from 
planktonic foraminifers, when wood dates cause discrepancies in age determinations. It is  
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possible the selected wood fragments for age determination were reworked from older 
material and are not representative of the time of deposition.  
 Harper (2014) conducted analyses on oxygen (
18
O) and carbon (
13
C) stable 
isotopes in MD-50 using the planktonic foraminifer Globigerinoides ruber selected from 
the 250-300 μm fraction. Samples were analyzed for stable isotopes of oxygen and 
carbon using a Delta Advantage Isotope Ratio Mass Spectrometer (IRMS) coupled to a 
Kiel Carbonate Device III. Analytical precision for the equipment is ± 0.6 ‰, and isotope 
values are reported relative to the carbonate standard, Vienna Pee Dee Belemnite (V-
PDB), in delta notation, δ13C and δ18O (Harper, 2014). 
Core and depth (cm) 
Planktonic foraminifer 
14
C age (yr BP) 
Wood 
14
C age 
(yr BP) 
Calibrated 
14
C age 
(yr BP) 
MV-41: 7 - 15 690 ± 30 --- 409 ± 58 
MV-41: 61 - 63 --- 10,150 ± 35 11,818 ± 87 
MV-41: 197 - 205 6690 ± 35 --- 7273 ± 33 
MV-41: 552 - 553 --- 10,225 ± 581 11,960 ± 108 
MV-41: 881 - 883 --- 10,700 ± 70 12,639 ± 63 
MV-41: 1143 - 1145 --- 11,800 ± 140 13,647 ± 129 
MV-46: 156 - 157 --- 4380 ± 40 4935 ± 71 
MV-46: 309 - 311 --- 6100 ± 50 6964 ± 71 
MV-46: 413 - 415 --- 6950 ± 100 7778 ± 102 
MV-46: 592 - 599 8470 ± 30 --- 9042 ± 33 
MV-46: 1193 - 1195 --- 9680 ± 50 11,120 ± 92 
MV-46: 1331 - 1338 9590 ± 60 --- 10,421 ± 98 
MD-50: 140 - 142 2210 ± 45 --- 2228 ± 73 
MD-50: 360 - 362 4435 ± 35 --- 5040 ± 96 
MD-50: 870 - 872 9360 ± 70 --- 10,575 ± 92 
MD-50: 920 - 922 13,590 ± 45 --- 15,819 ± 118 
MD-50: 1051 - 1053 46,200 ± 1900 --- N/A 
MD-50: 1090 -1092 43,700 ± 4200 --- N/A 
Table 4.2. Radiocarbon dates, including ages for planktonic foraminifer and wood 
samples with corresponding calibrated ages, for each core (Muhammad, 2009; Harper, 
2014; Howell et al., 2014). Depths are in centimeters (cm), and ages are in years 
before present (yr BP). 
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Palynological processing 
 Cores were sub-sampled at approximately 50 cm intervals (Tables 4.3, 4,4, 4.5) 
for palynological processing, which isolates palynomorphs and organic material from 
inorganic sedimentary material. Samples were processed by an external consultant. All 
samples were spiked with exotic Lycopodium markers (batch number 124,961 for MD-50 
and 3862 for MV-41 and MV-46) to allow for abundance calculations (Stockmarr, 1971; 
Traverse, 2007; Lignum et al., 2008). All samples were dried and weighed in grams 
before processing. Processing procedures were slightly different for MD-50 and MV-41 
and MV-46.  
 Only approximately the top 852 cm of MD-50 was sampled, however, this time 
interval covers at least the last 10.5 kyr as revealed by radiocarbon dating (Table 4.2). 
Samples were processed in 2011 by an external consultant following a hydrochloric acid  
(HCl), hydrofluoric acid (HF), and controlled oxidation procedure (Traverse, 2007). This 
process involved the use of 10% HCl and 70% HF to dissolve carbonates and silicates, 
respectively. Controlled oxidation with Schulze’s reagent, a mixture of potassium 
chlorate (KClO3) and nitric acid (HNO3) was performed for 30 seconds to help improve 
identification of palynomorphs. Samples were sieved at ten μm to remove the fine  
fraction, which can complicate identification. Heavy liquid separation with zinc bromide 
(ZnBr2) was performed to separate organic material from remaining inorganic  
material not dissolved by HCl and HF.  Organic residues were mounted on glass slides 
with clear resin.  
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Various researchers have noted the effects of oxidation on certain fragile 
palynomorphs in modern sediments, specifically dinoflagellate cysts (Harland, 1981;  
Harland, 1983; Schrank, 1988). Although dinoflagellate cyst recovery is viable in MD-50, 
MV-41 and MV-46 were processed without controlled oxidation in order to ensure 
maximum recovery of dinoflagellate cysts. Five μm sieves were used instead of ten μm 
sieves to maintain the smallest palynomorphs, especially Rhizophoraceae pollen (e.g., 
Int. (cm) 
Wt. 
(g) 
No. 
Tablet 
Lyco. in 
1 tablet 
Lyco. 
count 
Spores 
and 
Pollen 
RW 
Marine 
Indi-
cators 
Fungal 
Spores 
7 - 9 15.33 1 9666 11 56 166 69 15 
61 - 63 2.86 1 9666 38 31 152 97 38 
109 - 111 4.48 1 9666 25 51 168 63 41 
157 - 159 11.89 1 9666 9 36 169 38 90 
257 - 259 11.38 1 9666 13 84 124 40 81 
352 - 354 9.22 1 9666 6 69 110 71 58 
402 - 404 13.13 1 9666 4 60 131 45 71 
462 - 464 11.34 1 9666 11 56 108 40 90 
517 - 519 7.31 1 9666 12 52 132 29 105 
559 - 561 7.30 1 9666 18 85 90 43 84 
621 - 623 5.93 1 9666 41 65 164 105 47 
673 - 675 4.19 1 9666 36 72 125 68 36 
725 - 727 2.05 1 9666 45 104 113 59 56 
785 - 787 7.11 1 9666 11 66 118 50 78 
848 - 850 3.44 1 9666 33 92 138 35 60 
903 - 905 11.17 1 9666 28 82 117 63 62 
1037 - 1039 3.57 1 9666 34 89 107 50 75 
1089 - 1091 12.59 1 9666 39 73 127 76 34 
1143 - 1145 8.07 1 9666 24 91 133 81 27 
1185 - 1187 9.72 1 9666 20 59 159 56 21 
1252 - 1254 5.83 1 9666 25 63 142 69 38 
Table 4.3. Sample intervals (centimeters) for MV-41 with dried sample weight (g), 
number of Lycopodium tablets, number of Lycopodium in one tablet, and raw counts 
of the following: Lycopodium, spores and pollen, reworked palynomorphs, marine 
indicators, and fungal spores.  
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Int. (cm) 
Wt. 
(g) 
No. 
Tablet 
Lyco. 
in 1 
tablet 
Lyco. 
count 
Spores 
and 
Pollen 
RW 
Marine 
Indi-
cators 
Fungal 
Spores 
7 - 9 4.91 1 9666 35 20 118 128 22 
61 - 63 1.72 1 9666 75 37 40 79 152 
109 - 111 1.26 1 9666 115 39 62 82 118 
157 - 159 19.24 1 9666 19 64 96 62 126 
205 - 207 4.22 1 9666 35 47 86 94 89 
257 - 259 3.29 1 9666 21 56 49 56 154 
309 - 311 3.4 1 9666 34 45 74 48 190 
361 - 363 2.47 1 9666 32 33 56 76 134 
438 - 440 4.68 1 9666 23 42 55 86 140 
465 - 467 7.88 1 9666 16 61 48 72 133 
537 - 539 8.31 1 9666 21 61 54 56 157 
673 - 675 1.08 1 9666 100 35 44 35 219 
725 - 727 5.7 1 9666 20 54 40 25 185 
777 - 779 1.51 1 9666 40 53 51 25 170 
842 - 844 6.38 1 9666 10 49 77 48 135 
897 - 899 5.48 1 9666 27 73 63 60 137 
957 - 959 6.58 1 9666 20 83 91 69 105 
1037 - 1039 5.3 1 9666 21 35 101 45 139 
1089 - 1091 7.37 1 9666 19 63 76 42 126 
1141 - 1143 5.04 1 9666 11 50 94 47 105 
1193 - 1195 4.92 1 9666 20 54 58 24 171 
1245 - 1247 5.76 1 9666 17 57 77 54 138 
1297 - 1299 2.82 1 9666 52 43 110 35 101 
1325 - 1327 4.13 1 9666 22 64 49 19 191 
1379 - 1381 4.12 1 9666 27 63 125 29 144 
1439 - 1441 8.51 1 9666 26 70 115 34 70 
 
Scourse et al., 2005). All other steps in the processing procedure remained the same in 
order to introduce as little bias as possible when comparing palynomorph assemblages 
among cores.  
 
Table 4.4. Sample intervals (centimeters) for MV-46 with dried sample weight (g), 
number of Lycopodium tablets, number of Lycopodium in one tablet, and raw counts 
of the following: Lycopodium, spores and pollen, reworked palynomorphs, marine 
indicators, and fungal spores.  
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Int. (cm) 
Wt. 
(g) 
No. 
Tablet 
Lyco. in 
1 tablet 
Lyco. 
count 
Spores 
and 
Pollen 
RW 
Marine 
Indi-
cators 
Fungal 
Spores 
1 - 3 17.9 2 12542 205 16 18 294 5 
100 - 102 16.9 2 12542 716 43 31 250 14 
150 - 152 17.4 2 12542 337 14 24 272 13 
200 - 202 16.9 2 12542 1049 39 40 208 23 
250 - 252 17.8 2 12542 449 35 8 225 21 
301 - 303 18.2 2 12542 337 35 53 216 9 
350 - 352 19.6 2 12542 1350 64 55 144 36 
400 - 402 18.6 2 12542 894 71 18 159 18 
452 - 454 13.2 2 12542 1639 68 80 105 36 
500 - 502 17.0 2 12542 1075 54 74 137 35 
550 - 552 17.0 2 12542 877 73 95 97 41 
601 - 603 16.3 2 12542 916 46 117 79 40 
650 - 652 12.5 2 12542 1163 70 98 70 42 
700 - 702 16.5 2 12542 939 81 53 98 40 
751 - 753 17.3 2 12542 716 98 59 83 55 
800 - 802 18.7 2 12542 390 100 68 64 49 
850 - 852 21.3 2 12542 261 81 77 79 44 
 
Microscopy and palynomorph identification 
 At least 300 palynomorphs per slide were counted on an Olympus BX43 
microscope at Louisiana State University’s Cenex (Center for Excellence in Palynology) 
laboratory. Slides were counted using transmitted light at 600x magnification. All results 
and recovery data are presented as absolute abundance values calculated with the 
following formula (e.g., Stockmarr, 1971; Traverse, 2007; Lignum et al., 2008): 
                          
                                                          
                                     
 
Table 4.5. Sample intervals (centimeters) for MD-50 with dried sample weight (g), number 
of Lycopodium tablets, number of Lycopodium in one tablet, and raw counts of the 
following: Lycopodium, spores and pollen, reworked palynomorphs, marine indicators, 
and fungal spores. Sampling covers approximately the top third of the core.  
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 Tropical rainforest settings, like PNG, have high pollen and spore diversity, and 
many references were utilized to identify them and the vegetation that produced them, 
including Paijmans (1975), Flenley (1979), Walker and Flenley (1979), Playford (1982), 
Davey (1987), Rigby (1997), Rigby (2001), APSA Members (2007), and Playford and 
Rigby (2008). As species-level identification of vegetation using pollen and spores can be 
difficult, species were often grouped into genera or family-level designations attributable 
to modern vegetation. If attribution to a specific genera or family was impossible, pollen 
and spores were grouped according to morphological designations, e.g. tricolporate, 
tricolpate, and monocolpate. Specimens unattributable to any morphological designation 
were kept as unknown. Dinoflagellate cysts were identified using Zonneveld et al. (2013). 
Additional marine indicators were also indentified, including foraminifer linings, 
copepod eggs, tintinnids, and acritarchs (Traverse, 2007). The dominant representatives 
of all groups are presented in Figure 4.5.  
Analysis and correlation 
 StrataBugs 2.0 (StrataData, 2014) was used to create detailed plots of down-core 
palynomorph distribution in comparison with previously published sedimentological data  
 (Figures 4.6, 4.7, 4.8). Each plot contains the following: depth (cm); generalized 
sediment lithology; magnetic susceptibility (x10
6
 SI); sample intervals (cm); marine 
indicator abundance (including dinoflagellate cysts, acritarchs, tintinnids, foraminifer 
linings, and copepod eggs); mangrove abundance (including Rhizophoraceae, Sonneratia 
spp, Avicennia spp, Nypa spp, and Acrostichum aureum); total pollen and spore 
abundance; reworked palynomorph abundance; calibrated radiocarbon ages; and climate 
events. δ13C and δ18O values are included in the plot for MD-50 (Harper, 2014).  
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Figure 4.5. All photographs are at 600x magnification. a). Rhizophora sp. (mangrove 
pollen), MV-41, 621-623cm; b). Nothofagus brassii (southern beech pollen), MV-
46, 537-539 cm; c). Arecaceae (palm pollen), MV-41, 7-9 cm; c). Polypodiidites 
usmensis (monolete spore), MD-50, 850-852cm; e). Fungal spore, MV-46, 1439-
1441cm; f). Tintinnid, MD-50, 1-3cm; g). Tuberculodinium vancampoae 
(dinoflagellate cyst), MD-50, 400-402 cm; h). Spiniferites ramosus (dinoflagellate 
cyst), MD-50, 400-402cm; i). Operculodinium centrocarpum (dinoflagellate cyst), 
MD-50, 1-3cm; j). Brigantedinium spp. (dinoflagellate cyst), MD-50, 850-852cm; 
k). Copepod egg, MV-46, 1439-1441cm; l). Foraminifer lining, MD-50, 1-3cm. 
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Cores MD-50, MV-41, and MV-46 were then correlated using palynomorph 
assemblage data, magnetic susceptibility, and radiocarbon ages (Figure 4.9). An 
additional cool/warm climate curve, calculated from the ratio of cool to warm species 
abundance in each sample, was included for each core for better understanding of 
climatic changes. Correlation lines 1 through 4 are equivalent to the climate periods 
identified in the cores (Figures 4.6, 4.7, 4.8) and are labeled. Each correlation line is 
based on a combination of magnetic susceptibility shifts or peaks, changes in 
palynomorph assemblages, and radiocarbon ages.  
Depth versus age plots were also created in Stratabugs and are presented for each 
core (Figure 4.10). Sediment accumulation rates are in centimeters per kiloyear. 
Radiocarbon dates excluded from the curve (one point in MV-41 and one in MV-46) are 
from reworked wood particles, and the ages determined from them are likely not 
representative of the age of deposition.  
Results 
 Assemblages at MV-41, MV-46, and MD-50 are dominated by the following 
groups: marine indicators (including dinoflagellate cysts, foraminifer linings, tintinnids, 
acritarchs, and copepod eggs), mangrove pollen (mostly of Family Rhizophoraceae), 
spores and pollen, fungal spores, and reworked palynomorphs, which are generally not 
age diagnostic (Figures 4.6, 4.7, 4.8). Greater abundances of palynomorphs are found in 
silt and clay dominated lithologies. Peaks or shifts in magnetic susceptibility do not 
appear to correspond to consistent changes in palynomorph assemblages. Using 
radiocarbon dates and palynomorph assemblage changes, global climate periods 
corresponding to Figure 4.3 have been interpreted in each core. 
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Figure 4.6. Palynomorph assemblages of MV-41. All abundances are in units of palynomorphs per gram of dried sediment. Marine indicators are more abundant in younger samples, and 
pollen and spores are more abundant in older samples. Reworked palynomorphs increase toward the top of the core, and high abundances of mangrove pollen mark the beginning and end 
of transgression. ENSO = El Niño Southern Oscillation, MWP-1B = Meltwater Pulse-1B. 
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Figure 4.7. Palynomorph assemblages of MV-46. All abundances are in units of palynomorphs per gram of dried sediment. Marine indicators are generally more abundant 
in younger samples. Decrease in mangrove pollen abundance marks approximately the end of sea level transgression. Spores and pollen, fungal spores, and reworked 
palynomorphs are slightly more abundant in older samples. ENSO = El Niño Southern Oscillation, MWP-1B = Meltwater Pulse-1B. 
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Figure 4.8. Palynomorph assemblages of MD-50. All abundances are in units of palynomorphs per gram of dried sediment. Marine indicators are much more abundant in younger samples (less than 5000 years old). Mangrove 
pollen is extremely reduced or absent in sea level highstand samples. Pollen and spores, fungal spores, and reworked palynomorphs are increasingly abundant in older samples. ENSO = El Niño Southern Oscillation, MWP-1B = 
Meltwater Pulse-1B. 
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Figure 4.9. Correlation panel of MV-41, MV-46, and MD-50 based on magnetic susceptibility, palynomorph assemblages, and radiocarbon ages. Line 1 corresponds to 
end of marine transgression and possible El Niño Southern Oscillation (ENSO) intensification. Line 2 corresponds to beginning of Meltwater Pulse-1B (MWP-1B). Line 
3 corresponds to beginning of Younger Dryas. Line 4 corresponds to beginning of Bølling-Allerød Interstadial. 
 175 
 
 
 
Core MV-41 covers approximately 14 kyr (Figure 4.6). Marine indicators are dominated 
by dinoflagellate cysts of the genus Brigantedinium, a genus that is often found in coastal 
areas and has wide environmental tolerances (Figure 4.5, j) (Zonneveld et al., 2013). 
Foraminifer linings (Figure 4.5, l), copepod eggs (Figure 4.5, k), and tintinnids (Figure 
4.5, f) are also abundant. Mangrove vegetation is the major vegetation representative in 
MV-41, with Rhizophora spp. being the most abundant (Figure 4.5, a). Spores (Figure 4.5, 
d) vastly outnumber pollen beside Rhizophora spp. (Figure 4.5, b, c). Fungal spores 
Figure 4.10. Depth versus age plots for MV-41, MV-46, and MD-50. Sediment 
accumulation rates are in centimeters per year, and radiocarbon ages with standard 
deviations are plotted in years BP. 
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(Figure 4.5, e) and reworked palynomorphs of undiagnostic age are abundant in MV-41 
samples with abundances of greater than 18,000 and 28,000 palynomorphs per gram 
respectively. We have chosen to ignore the radiocarbon date of 11,818 ± 97 yr BP at a 
depth of 61-63 cm, as it is likely to have been determined on a fragment of reworked 
wood.  
The sampled interval for core MV-46 covers approximately the last 10.5 kyr, with 
assemblages representing the end of MWP-1B and the Holocene (Figure 4.7). As for 
MV-41, marine indicators are dominated by Brigantedinium spp. dinoflagellate cysts and 
foraminifer linings with lower occurrences of tintinnids and copepod eggs. Spores are 
much more abundant than pollen besides Rhizophora spp. Fungal spores (abundances of 
close to 30,000 spores/gram) are more common in MV-46 than in MV-41, and reworked 
palynomorphs are less common (samples average between 10,000 to 15,000 
specimens/gram).  
 Core MD-50 is characterized by very different palynomorph assemblages from 
the other two cores (Figure 4.8). Palynomorph abundance in MD-50 samples is much 
lower than MV-41 and MV-46 for all groups. Marine indicators in MD-50 are dominated 
by foraminifer linings, copepod eggs, tintinnids, and dinoflagellate cysts. The 
dinoflagellate cysts present include Spiniferites spp. (Figure 4.5, h), Operculodinum 
centrocarpum (Figure 4.5, i), O. israelianum, Lingulodinium machaerophorum, and 
Tuberculodinium vancampoae (Figure 4.5, g). Few cysts of Brigantedinium spp. are 
present in MD-50. Mangroves are dominated by Family Rhizophoraceae, and pollen 
abundances are low throughout the core. Spores are the major component of terrestrial 
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vegetation. Fungal spores and reworked palynomorphs are in much lower abundances 
than MV-41 and MV-46 samples. 
All three cores have been correlated in transect A to A’ across the GoP (Figure 
4.9). Correlation lines correspond to climatic events identified in each core (Figures 4.6, 
4.7, 4.8). The chart has been flattened on correlation line 1, the primary datum, which 
corresponds to the end of sea level transgression and possible ENSO intensification. Line 
2 delineates the end of the Holocene and the beginning of MWP-1B. Lines 3 and 4 are 
only identified in MV-41 and correspond to the beginning of the Younger Dryas and 
Bølling-Allerød, respectively. 
Depth vs. age plots prepared for the three cores highlight differences in the 
depositional environments among MV-41 and MV-46 and MD-50 (Figure 4.10). 
Sediment accumulation rates for MV-41 and MV-46 are comparable, while MD-50 is 
quite different. MV-41 and MV-46 show very high accumulation rates during sea level 
transgression with major decreases when sea level reached highstand conditions at 
approximately 5 to 6 kyr BP. MD-50, dominated by carbonate input over the Holocene, 
has nearly linear sediment accumulation rates during this period, with only a slight 
decrease in accumulation after sea level reached highstand conditions. Prior to 
approximately 10.5 kyr BP, sediment accumulation rates for MD-50 were much lower, 
with only 50 cm of sediment deposited during 5.2 kyr. No palynological samples were 
available from this interval in MD-50. 
Discussion 
 The major groups of palynomorphs observed in MV-41, MV-46, and MD-50 
include marine indicator taxa (foraminifer linings, dinoflagellate cysts, acritarchs, 
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copepod eggs, and tintinnids); terrestrial pollen and spores dominated by Rhizophora spp. 
and monolete and trilete spores; fungal spores; and reworked palynomorphs. The 
occurrences of these taxa in the study area are in agreement with previous work on PNG 
vegetation and marine taxa distribution in surrounding areas (e.g., Paijmans, 1975; 
Flenley, 1979; Walker and Flenley, 1979; Playford, 1982; Davey, 1987; Rigby, 1997; 
Rigby, 2001; Rowe, 2007a; 2007b; Playford and Rigby, 2008; Rowe et al., 2013). 
Dinoflagellate cyst recovery, besides Brigantedinium spp., is suprisingly low in MV-41 
and MV-46, which leads to the conclusion that conditions at these core locations were not 
favorable for dinoflagellates, most of which prefer fully marine conditions and clear 
water (e.g., Marret and Zonneveld, 2003; Zonneveld et al., 2013). Low recovery of cysts 
in these cores fit well with current understanding of the GoP sedimentary regime, 
particularly that salinities were too low at the sites of MV-41 and MV-46 (Wolanski and 
Alongi, 1995; Howell et al., 2014). Operculodinium israelianum and Tuberculodinium 
vancampoae are known to co-occur and dominate the assemblage in warm inner neritic 
environments with salinites of 35 (Warny et al., 2003). The co-occurence of both 
Operculodinum centrocarpum and O. israelianum is also very important as it allows us to 
estimate the minimum sea-surface temperature throughout the core. Operculodinium 
centrocarpum is a true cosmopolitan species, tolerating sea-surface salinities ranging 
from 16.1-36.8 and sea-surface temperature ranging from -2.1 to 29.6ºC, but 
Operculodinium israelianum is much more restrictive and requires saline waters with 
sea-surface temperature higher than 11.5ºC (Marret and Zonneveld, 2003).  The 
continuous presence of both species indicates that, even during the Younger Dryas, sea 
surface temperatures (SST) were above 11.5ºC. 
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Terrestrial pollen recovery, besides Rhizophoraceae, is low in all three cores, 
however it is possible most pollen has been deposited before reaching the core locations. 
The pollen morphologies most represented in the cores include small forms (like 
Rhizophora spp.), spores, and bisaccate forms, which can be transported longer distances 
(Muller, 1959; Traverse and Ginsburg, 1966; Traverse, 2007). Increases in fungal spore 
abundance and diversity require moist conditions. They can also indicate potentially 
warmer periods (e.g., Staplin, 1976; Elsik, 1980; Elsik, 1996), however in this study, 
increased abundance of fungal spores occurs during phases of rapid sea level rise 
(Figures 4.6, 4.7, 4.8). Despite comparison with works on pre-Quaternary palynomorphs 
on PNG (Playford, 1982; Davey, 1987; Rigby, 1997; Rigby, 2001; Playford and Rigby, 
2008), we have not been able to determine ages of reworked palynomorphs in the three 
cores. 
Changes in palynomorph assemblages in the studied cores allow identification of 
four global climatic intervals, although only MV-41 records the Bølling-Allerød 
Interstadial (673 – 1252 cm) and the Younger Dryas (462 – 673 cm). During the Bølling-
Allerød Interstadial in MV-41, all groups, predominantly warm climate taxa (Figure 4.9), 
are recovered in low abundances, and magnetic susceptibility values are relatively low. 
During the Younger Dryas Period in MV-41, cool climate taxa are recovered in slightly 
higher abundances, and marine indicators, total spores and pollen (including mangroves), 
fungal spores, and reworked palynomorphs are recovered in slightly lower abundances. 
MWP-1B is a relatively short interval in MV-41, covering 257 to 462 cm. The highest 
abundances of all palynomorph groups in the sampled section, except mangrove pollen, 
are recovered during this climatic interval. A sharp decrease in MS values occurs at the 
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end of MWP-1B. The beginning of the Holocene is at 257 cm in MV-41. Generally 
higher occurrences of marine indicators and lower occurrences of terrestrial taxa, except 
reworked palynomorphs, are present during the Holocene. The end of marine 
transgression is interpreted at a depth of 109-111 cm from a peak in MS, increased 
abundance of marine indicator taxa and decreased abundance of mangrove taxa. Indeed, 
mangrove abundance is highest during transgression and decreases during highstand and 
lowstand, while dinoflagellate cyst increases can be seen during both transgression and 
highstand when sea-surface salinities are stable, near the global average of 35.  
Samples from MV-46 cover MWP-1B and the Holocene. Samples from 1089 to 
1439 cm cover MWP-1B (Figure 4.7). Marine indicator abundances are low in this 
climate interval, and there is a peak in warm climate taxa (Figure 4.9). Mangrove and 
total spore and pollen abundances are generally lower than the rest of the core. This 
interval is marked by low magnetic susceptibility values. Samples from 1089 cm to the 
top of the core represent the Holocene interval. Several peaks in marine indicator 
abundance are present, and cool climate taxa are of low abundance throughout the core 
(Figure 4.9). Mangrove pollen, total spores and pollen, fungal spores, and reworked 
palynomorphs are abundant until the end of transgression, interpreted at a depth of 205 
cm from a peak in marine indicator abundance and radiocarbon ages. Abudance values 
and dinoflagellate cyst species comprising this peak are similar to a peak that occurred in 
the earlier Holocene (361 cm). 
The sampled interval in MD-50 covers approximately the last 10.5 kyr (Figure 
4.8). Samples from 800 to 850 cm cover the end of MWP-1B. During this period, we 
recovered higher relative abundances of mangrove pollen, total pollen and spores, fungal 
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spores, and reworked palynomorphs. Warm climate taxa are also more abundant (Figure 
4.9). Samples from 800 cm to the top of the core cover the Holocene interval. The end of 
marine transgression and intensification in ENSO conditions has been interpreted from 
301 to 350 cm. A sharp peak in marine indicator abundance occurs at this depth with a 
decrease in mangrove pollen, which is not present in the top 300 cm of the core. Potential 
ENSO intensification could be recorded by the greater variability of the δ18O curve from 
325 cm to 0 cm. The abundance of cool climate taxa increases toward the top of MD-50 
(Figure 4.9), however this is likely a side effect of the core’s distance from shore and 
decrease in total abundance of terrestrial palynomorphs. Bisaccate pollen, such as 
Podocarpaceae spp. which can be transported much farther due to the presence of air 
bladders (e.g., Muller, 1959) dominate the vegetation signal in the upper section of the 
core. High abundances of these types are either indicative of cooler climate or of a 
transgressive phase (greater “distance to shore”) as discussed in Warney et al. (2003). In 
this case, increased bisaccate abundance is most likely linked to the Holocene highstand. 
Changes in palynomorph assemblages in the studied cores allow the identification 
of four global climatic intervals (Figure 4.3), although only MV-41 records the Bølling-
Allerød Interstadial and the Younger Dryas. The Bølling-Allerød Interstadial is a warm 
interval between 14.5 to 12.5 kyr BP characterized by rapid sea level rise (Howell et al., 
2014), and palynomorph assemblages in this interval are dominated by warm climate taxa 
and low abundances of all groups. Lower abundances are likely due to high rates of 
sediment accumulation which can dilute the palynomorph signal (Figure 4.10).  
The Younger Dryas period is a cool climate interval between 12.5 to 11.5 kyr BP 
with little change in sea level (Howell et al., 2014). We have interpreted the Younger 
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Dryas interval in MV-41 samples from an increase in cool climate taxa during this time. 
A decrease in fungal spore abundance could also reflect cooler conditions (e.g., Staplin et 
al., 1976; Elsik, 1980; Elsik, 1996). The presence of warm-loving dinoflagellate cysts 
indicate that SSTs were not lower than 11.5°C in the GoP during this period. 
MWP-1B, a warm climate interval between 11.5 to 10.5 kyr BP that is 
characterized by high rates of sea level rise (Howell et al., 2014), is represented by 
samples in all three cores (Figures 4.6, 4.7, 4.8, 4.9). Samples covering this time period 
are characterized by high abundances of dinoflagellate cysts (including a 300% increase 
in Brigantedinium spp. in MV-41 and MV-46), terrestrial pollen and spores, fungal 
spores, and reworked palynomorphs, which support the interpretation of warmer climatic 
conditions during this interval. Increased abundances of all groups could be caused by 
increased rainfall, erosion, and thus sediment discharge from the mainland.  
The Holocene period, dated from 10.5 kyr BP to present, is well recorded by 
palynomorph assemblages in all three cores (Figures 4.6, 4.7, 4.8, 4.9). A sharp decrease 
in mangove pollen and increase in marine indicator taxa in MD-50 at approximately 5 kyr 
BP (Figure 4.6) allows us to interpret the end of marine transgression and possible ENSO 
intensification. While dated coral terraces indicate marine transgression ends at 
approximately 6 kyr BP (Figure 4.4), the discrepancy in age dates can be resolved by the 
response time taken for palynomorph assemblages to change or an intensification of 
ENSO conditions at approximately 5 kyr BP. Palynomorph assemblages could have 
changed in response to the greater climatic variability caused by an intensified ENSO 
(Tudhope et al., 2001). An intensification of ENSO conditions caused by climatic 
variation is supported by greater variability in the δ18O curve of MD-50 (Figure 4.8). 
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Although researchers have dated the advent of agriculture on PNG between 7 to 9 
kyr BP (e.g., Haberle et al., 2012), evidence for agricultural intensification is not apparent 
in the cores selected for this study. An increase in human cultivar and grassland pollen 
was not observed, but previous researchers have demonstrated an increase in these 
palynomorphs due to human activity on mainland PNG and its surrounding islands (e.g., 
Denham et al., 2003; Haberle, 2003; Denham and Haberle, 2008; Sniderman et al., 2009; 
Haberle et al., 2012). Future work will include analysis of palynomaceral fragments on 
these three cores (e.g., Thomas et al., 2015), because charcoal fragments have been 
associated with an increase in burning and agriculture (Denham et al., 2003; Haberle et 
al., 2012). Documenting changes in these fragments for MV-41 and MV-46, in particular, 
could allow better definition of the beginnings of agriculture on PNG.  
Although we could not use the ages of reworked palynomorphs to track 
sedimentary provenance over the study interval, Howell et al. (2014) and Francis (2007) 
have provided well-defined sediment transport pathways in the GoP (Figure 4.11). These 
transport pathways have persisted over the last 14.5 kyr despite sea level changes, and 
they can provide clues to the source of palynomorph assemblages. MV-41 is sourced by 
low maturity sediments delivered from the Vailala and Lakekamu river catchments. MV-
46 is sourced by sediments of moderate maturity from the Fly, Bamu, Turama, Kikori, 
and Purari River catchments (Howell et al., 2014). MD-50 has little siliclastic sediment 
input, and the majority of its sediments are sourced from carbonaceous sediments derived 
from sloughing of the Great Barrier Reef, which was partially exposed during the LGM 
and early sea level transgression  (Francis, 2007; Francis et al., 2008). Francis et al. (2008) 
notes a relict shelf edge delta that delivered sediments to Ashmore Trough. Mangrove  
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trees could have inhabited the upper parts of this delta, which is why mangrove pollen is 
observed in deeper samples of MD-50.   
Conclusions 
Four global climatic intervals have been identified: the Bølling-Allerød 
Interstadial (14.5 to 12.5 kyr BP), the Younger Dryas (12.5 to 11.5 kyr BP), MWP-1B 
(11.5 to 10.5 kyr BP), and the Holocene (10.5 kyr to present) (Howell et  
Figure 11. Sediment transport pathways in the Gulf of Papua over the last 14.5 
kyr (after Francis, 2007; Howell et al., 2014). Sediment maturities are from 
Slingerland et al. (2008), Howell et al. (2014), and Xu (2015, personal 
communication). Bathymetry and topography is from Daniell (2008).  
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al., 2014). Palynomorph assemblage changes mark the boundaries between these periods 
(Figure 4.9). In general, higher abundances of warm climate taxa and terrestrial 
palynomorphs mark warmer climatic periods, while lower abundances of warm climate 
taxa and terrestrial palynomorphs represent cooler climate periods. The co-occurrence of 
both Operculodinium centrocarpum and O. israelianum indicate that SST remained 
higher than 11.5°C even during the Younger Dryas. 
Palynomorphs record the end of marine transgression on the GoP shelf at 
approximately 5 kyr BP by sharp decreases in mangrove pollen abundance in all three 
cores and concomitant increases in recovery of dinoflagellate cysts and other marine 
indicators. Increased δ18O variability at approximately 5000 yr BP, as well as changes in 
palynological assemblages at the same sample interval in support an increase in ENSO 
activity at the same time in the GoP (Figure 4.9).  
 Human impacts on vegetation distribution were not discernible in the 
palynological record, because human cultivar pollen was not present in any samples and 
grassland pollen was recovered in very low abundances. Future work on palynomaceral 
fragments, particularly charcoal, could help to define the advent of agriculture on PNG, 
as done by previous researchers, such as Denham et al. (2003) and Haberle et al. (2012). 
Identification of sedimentary provenance from palynomorph assemblages was not 
possible in this study, although previous researchers have extensively discussed 
sedimentary transport pathways in the GoP (e.g., Keen et al., 2006; Francis, 2007; 
Howell et al., 2014). Reworked palynomorphs in MV-41, MV-46, and MD-50 are not age 
diagnostic and thus cannot be traced to mainland PNG geologic formations, but may 
indicate changes in sediment flux (Figure 4.2). Howell et al. (2014) concludes MV-41 is 
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sourced from the Vailala and Lakekamu river catchments, while MV-46 is sourced from 
the Fly, Bamu, Turama, Kikori, and Purari river catchments. Francis (2007) notes 
Ashmore Trough, where MD-50 is located, is sourced predominantly by carbonate 
sediments sloughed from the Great Barrier Reef and smaller reefs to the north and east, 
including Ashmore Reef, Boot Reef, and Portlock Reef (Figure 4.11). The differences in 
sedimentary sourcing are likely the primary reason for assemblage differences in MV-
41/MV-46 and MD-50. 
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CHAPTER 5. CONCLUSIONS 
 The 2003-2005 NSF (National Science Foundation)-funded MARGINS Source-
to-Sink cruises in the Gulf of Papua (GoP), Papua New Guinea (PNG) aimed to better 
understanding of sedimentary processes on continental margins. Palynology can be used 
as a tool to assess sediment source, depositional environment, and climatic/oceanographic 
changes that affect sedimentary dynamics, so this dissertation aids in accomplishing the 
larger goals of the Source-to-Sink initiative. The projects discussed in the proceeding 
chapters accomplish four major objectives: 1) understanding climatic and oceanographic 
changes in the GoP over the last 14.5 kyr; 2) improving understanding of sedimentation 
dynamics using palynology; 3) assessing modern vegetation biodiversity and distribution 
with palynomorph recovery; and 4) determining if human impacts on vegetation 
distribution can be observed in marine palynomorph assemblages. Chapters 2 and 3 fulfill 
goals 2 and 3; and Chapter 4 fulfills goals 1 and 4.  
Results from Chapters 2 and 3 increase understanding of modern sedimentary 
processes in the GoP and provide an indirect method of assessing vegetation distribution 
and biodiversity on mainland PNG. Principal component analysis performed on the 
modern palynomaceral and palynomorph assemblages reveals a clear correlation between 
their distribution and bathymetry, sedimentation rate, and distance from shore. Certain 
depositional environments, including the clinoform topset, foreset, and bottomset, as well 
as the continental slope/ocean basin, appear to be characterized by a distinct assemblage 
of palynomorph and palynomaceral fragments. Chapter 3 demonstrates reworked 
palynomorphs can provide clues to sediment source, although this is complicated by the 
presence of reworked palynomorphs of many ages. Exact species determination for 
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reworked groups is difficult, which complicates age assignments. Modern pollen and 
spores clearly reflect vegetation diversity and distribution on mainland PNG, with 
representation from the following groups: mangroves; tropical rainforest; lower 
montane/upper montane; swamps; and grass/scrub/savanna. 
Results from Chapter 4 show distinct changes in climatic and oceanographic 
conditions over the last 14.5 kyr B.P., but human impact on the vegetation record is 
unclear. Four globally known climatic changes can be recognized in palynomorph 
assemblages: the Bølling-Allerød Interstadial (14.5 to 12.5 kyr BP), the Younger Dryas 
(12.5 to 11.5 kyr BP), Meltwater Pulse-1B (11.5 to 10.5 kyr BP), and the Holocene (10.5 
kyr BP to present). From the palynological record, the end of transgression on the GoP 
shelf is clearly recorded by reduced abundance of mangrove pollen at approximately 5 to 
7 kyr BP. An increase in El Niño Southern Oscillation (ENSO) activity is observed at 
approximately 5 kyr BP from increased variability in the oxygen-18 record (MD-50) and 
pollen and spore recovery. 
The results from the projects completed during this dissertation provide a 
significant contribution to the previously published literature associated with the 
MARGINS Source-to-Sink initiative (Dickens et al., 2006; Keen et al., 2006; Aalto et al., 
2008; Alin et al., 2008; Aller et al., 2008a; 2008b; Carson et al., 2008; Crockett et al., 
2008; Daniell, 2008; Day et al., 2008; Febo et al., 2008; Francis et al., 2008; Goni et al., 
2008; Jorry et al., 2008; Lauer et al., 2008; Muhammad et al., 2008; Ogston et al., 2008; 
Slingerland et al., 2008a; 2008b; Swanson et al., 2008; Tcherepanov et al., 2008a; 2008b; 
Tcherepanov et al., 2010; Howell et al., 2014). Palynology increases our understanding of 
sediment source, transport, and deposition. Modern palynology in the GoP has never 
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been performed, except in mangrove forests along the shoreline (Rowe et al. 2013). This 
study also contributes knowledge to the Quaternary palynological community, because it 
documents the distribution of palynomorph assemblages in the GoP. Palynological 
analysis of cores covering the last 14.5 kyr has allowed us to determine changes in 
climatic and oceanographic conditions in the area that fit well with previously published 
literature for the surrounding region and the world (e.g., Fairbanks, 1989; Yokoyama et 
al., 2000; Lambeck and Chappell, 2001; Clark et al., 2004; Liu et al. 2004; Kubo and 
Syvitski, 2006; Carson et al., 2008; Febo et al., 2008; Jorry et al., 2008; Tcherepanov et 
al., 2008a; 2008b; 2010; Howell et al., 2014). Several areas for future study include a 
higher resolution analysis of the last 5 kyr to better understand the impact of intensified 
ENSO on palynomorph assemblages; further documentation of the distribution of 
dinoflagellate cysts (which have only been observed in significant abundance in Ashmore 
Trough and along the northeast slope); palynological analysis of sediment samples older 
than 14.5 kyr from long cores; and palynomaceral work on paleoenvironmental cores in 
hopes of better defining the advent of agriculture on PNG. 
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